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Preface 

In the latter half of the 20th century, forces have conspired to make the 
human community, at last, global. The easing of tensions between major 
nations, the expansion of trade to worldwide markets, widespread travel 
and cultural exchange, pervasive high-speed communications and 
automation, the explosion of knowledge, the streamlining of business, and 
the adoption of flexible methods have changed the face of manufacturing 
itself, and of research and education in manufacturing. The acceptance of 
the continuous improvement process as a means for organizations to 
respond quickly and effectively to swings in the global market has led to 
the demand for individuals educated in a broad range of cultural, 
organizational, and technical fields and capable of absorbing and adapting 
required knowledge and training throughout their careers. No longer will 
manufacturing research and education focus on an industrial sector or 
follow a national trend, but rather will aim at enabling international teams 
of companies to cooperate in rapidly designing, prototyping, and 
manufacturing products. 

The successful enterprise of the 21st century will be characterized by an 
organizational structure that efficiently responds to customer demands and 
changing global circumstances, a corporate culture that empowers 
employees at all levels and encourages constant communication among 
related groups, and a technological infrastructure that fully supports 
process improvement and integration. In changing itself to keep abreast of 
the broader transformation in manufacturing, the enterprise must look first 
at its organization and culture, and thereafter at supporting technologies. 

The Sixth International Conference for Worldwide "Computer 
Applications in Production and Engineering," CAPE '97, was organized by 
the International Federation for Information Processing (IFIP) Technical 
Committee 5 (Computer Applications in Technology), co-sponsored by the 
Computer and Automation Systems Association of the Society of 
Manufacturing Engineers in cooperation with the North American 
Manufacturing Research Institution, and held in conjunction with 
AUTOFACT '97, Coho Center, Detroit, Michigan, U.S.A. 

The sessions were organized into 12 tracks: Production Definition and 
Data Management, Worldwide Supply Chain, Manufacturing Engineering 
Processes, Business Process Modeling, Process Planning, Manufacturing 

Computer Applications in Production and En2ineerin2. F. Plonka ant! r. Ollino !Pti• 1 



xii Preface 

System Design & Simulation, Process Control, Manufacturing Planning 
and Control, Technology 2 Methodologies Needed for Worldwide 
Production and Engineering, Knowledge Based Simulation and Planning, 
Technology 1 Enterprise Modeling and People Practices. The last day 
hosted the International Program Reports along with a Tools and 
Techniques for Collaborative Works session. 

The conference brought together leading thinkers from industry, research 
and academia to discuss innovative concepts and methods for improving 
the competitive position of the manufacturing industry given the present 
cultural, economic, and technological environments. 

On the whole, the conference opened a dialog between representatives of 
industry, research, and academia to collectively seek strategies that will 
make manufacturing successful in the year 2000 and to identify the kinds 
of talent and training that people will need to excel in their professions. 

Improved quality, responsiveness to customers, process control and 
flexibility, and development of a suitably skilled workforce have become a 
determinant of global competitiveness in manufacturing. The integration 
necessary for excellence in these areas involves not just a reconciliation of 
the technical environments of CAD, CAE, CAM, and MIS, but also the 
integration and harmonious interaction between manufacturers, suppliers, 
and educators. The introduction of advanced manufacturing technology 
will seldom yield anticipated gains in flexibility and productivity without 
changes in the organization itself. Changes must be made in the attitudes 
and practices of managers and engineers to establish new relationships 
between manufacturers, suppliers, and educational institutions working 
toward a common goal. 

Hopefully, this conference will serve as an encouragement for future TC5 
activities focusing on fostering the dialog between practitioners, educators, 
and researchers. 

On behalf of the International Organizing Committee, we thank all the 
people who contributed to the success of this conference. 

Frank Plonka 
Gustav Olling 
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Towards Computer-Aided Rapid 
Product Realization 
G. J. Oiling 
Chrysler Corporation 
800 Chrysler Drive CIMS: 483-05-01 
Aubum Hills, Ml 48326 USA 
Tel: (248) 576-2788 Fax: (248) 576-2029 

Extended Abstract 

Dming the closing of the twentieth centwy, U.S. based manufacturers are contending with 
an increasing number of international competitors. In pursuit of world-class 
manufacturing status, U.S. frrms have come to realize that corporate commitment to 
quality and responsiveness to customers' demands are now the benchmarks of outstanding 
enterprises. Industry leaders distinguish themselves from competitors by the rapidity of 
their product introductions, striving for the highest possible quality at the lowest possible 
price. World-class manufacturing has become a continual improvement process focusing 
on the need to reduce lead time dramatically while continuing to innovate and assure 
quality. 

In this climate of intensified global competition, the computer technology of manufacturing 
has flourished. Designers and engineers now use Computer-Aided Design and 
Engineering (CAD/CAE) tools to create three-dimensional images that can be shaded, 
analyzed, and optimized to refine the product design. Manufacturing engineers use 
Computer-Aided Manufacturing (CAM) systems for process planning, tool design, and 
machine programming. Administrators draw upon Management Information Systems 
(MIS) in production planning, production and inventory control, sales, research, and 
forecasting. 

Computer-IntegratedManufacturing (CIM) is the ultimate goal in integrating CAD/CAE, 
CAM, and MIS teclmologies. However, the rapid development of these technologies has 
stretched and distorted the meaning of CIM. Today, the concept has elements of Group 
Technology (Gn, Materials Requirements or Resource Planning (MRP), and Computer
Assisted Process Planning (CAPP). It also draws upon the fields of product design, 
production planning, and production control. In its implementation, CIM has been 
expressed in a tremendous number of specialized software packages developed by vendors 
with divergent perceptions of manufacturing and no great desire to integrate with on 
another. 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
© 19971FIP. Published by Chapman & Hall 
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The need to stay abreast of product and process innovation worldwide and to build a 
world-class manufacturing operation will require the creation of industrial systems that 
cmveythe states of markets, competition, technology and the ensemble of techniques and 
technologies that automate, integrate, and optimize the process of manufacturing, from 
innovation to customer response. 

Since prevailing need will be for rapid adjustment to changing demand, the systems 
approach requires an organizational framework that is flexible and adaptive, employees 
at all levels that are knowledgeable about human relations, methods, tools, and the 
effective use of existing technologies. 

The successful enterprise of the 21st century will be characterized by an organizational 
structure that efficiently responds to customer demands and changing global 
circumstam:es, a corporate culture that empowers employees at all levels and encourages 
constant communication among related groups, and a technological infrastructure that fully 
supports process improvement and integration. In changing itself to keep abreast of the 
broader transfonnation in manufacturing, the enterprise must look first at its organization 
and culture, and thereafter at supporting technologies. Too often, today, companies look 
for a quick fix of technology, throwing vast capital at its problems, only to fmd that its 
organization is still adhering to the same attitudes, methods, and schedules that caused the 
problems in the fust place. 

In the effort to achieve end-to-end integration, from the beginning of design to the 
completionofmanufacturing, CAD data represents a critical resource. The ideal system 
would assure the integrity of CAD data by having everyone use the same integrated set of 
CAD/CAE/CAM tools, communicate over a single network, share a common database, 
and adhere to standard design practices. 

The chief advantages of this uniform system would be to prevent the loss of design intent 
through the impetfect translation of data between systems, to eliminate the preparation of 
data before translation and the cleanup afterwards, and facilitate the implementation of 
concurrent engineering in product development and manufacturing divisions. 

At Chrysler Corporation for example, we are pushing for a core-system solution to tighten 
the integration within the company and its many suppliers. A major concern is to 
minimize translation. Since competing CAD/CAM systems usually have differing 
approaches to data representation, translations between systems make arbitrary 
interpretations and compromises. In sensitive areas, such as the design of outer skins in 
automotive applications, translations do not preserve the original design intent and 
integrity well enough to produce a satisfactory product. Ultimately, the company would 
like to eliminate all intermediate forms, -- not only models from other CAD systems and 
the IGES files used to translate them, but physical bucks and mock-ups, clay models and 
background CAD models. Experience has shown that intermediate forms add delay and 
cost, create synchronization problems and confusion and lead to quality shortcomings. 
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A video is presented to illustrate the application of CAE/CAD/CAM technology 
throughout the entire vehicle development process, starting with Conceptual Design, 
spanning Body Engineering, Digital Model Assembly, Powertrain Design, Rapid 
Prototyping, and finishing with Stamping and Assembly. 

With a CAD/CAM fotmdation in place, Chrysler's next challenge is to incorporate 
business, engineering, manufacturing and suppliers know-how into a single integrated 
system. A "next-generation" CAD/CAM system will be based on precise solids with a 
feature-based structure that stores information related to all the steps in the product 
development and manufacturing processes. The system will have parametric associativity 
so that design changes in one aspect of the product are automatically reflected in all other 
aspects of the product. Finally, the system will be generative. Through built-in 
intelligence, engineering analysis models, manufacturing process models, business cost 
models, and purchasing materials models will all be generated from the base product 
design model. This kind of generation will be possible because the product model will no 
loogerbe geornetiyrepresented in the computer but rather a section of the on-line product 
database. 

Although Chtysler has made steady progress in the evolution of its products and process 
development technology, it has much work planned for future development. The goal is 
to achieve barrier-free, real-time access to shared, associative product development 
information throughout the enterprise. Perhaps the most important lesson Chrysler has 
learned in its transformation is that corporate-wide integration and simultaneous 
engineering are not objectives that a single company, even a large one, can accomplish 
alooe. Such profotmd changes require broad cooperation among the company, its design 
and cxxnponent suppliei'S, its software and services vendors, educators and researchers in 
nearby communities and at-large, its customer groups and related professional 
organizations. 

KeyWords 
CAE, CAD, CAM, CIM, Product Realization 
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Enhancing life-cycle integration 
through the application of Case-Based 
Reasoning to Quality Function 
Deployment 

D.A. Adams1, C. Irgens1, E. MacArthu-? and B. Leel. 
1Faculty of Engineering, The University of the West of England, 
Bristol, BS 16 1 Q Y 
2Department of Mathematics and Statistics. 
3Department of Computing and Information Systems. 
2•3 University of Paisley, High Street, Paisley, PAl 2BE, UK. 
1Contact: DavidAdams, Email: adam
mmO@wpmail.paisley. ac. uk, 
Phone: ++44 141 848 3553, Fax: ++44 141 848 3555. 

Abstract 
Quality Function Deployment (QFD) is a product development methodology tlk"lt 
is primarily aimed at increasing customer focus throughout the product 
development process. One benefit of this approach is a more structured and visible 
decision making process which spans a munber of life-cycle activities. In tllis way 
QFD is often regarded as a facilitator of life-cycle engineering techniques such as 
Concurrent Engineering. 

One of the problems of QFD, however, is the scalability of tl1e methodology: it 
is often impractical to remain tme to the principles of the methodology when 
developing anything but t11e simplest of products. This suggests tllat some form of 
computational support for tl1e QFD metl10dology, which leads to a more effective 
application of the principles advocated by the metllodology, could be beneficial. If 
tllis is achieved, the effectiveness of life-cycle engineering activities witllin tile 
organization should be increased. 

The paper describes a prototype system tl1at applies an artificial intelligence 
technique known as Case-Based Reasoning (CBR) to tl1e QFD metllodology. 

1 D. A Adams will remain at his Paisley (Dept. of Mechanical Engineering) address until Sept. 1997 
despite being affiliated to The University of the West of England. 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
© 1997 IFIP. Published by Chapman & Hall 
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Through this approach it is possible to evaluate decisions made at an early stage of 
the product life cycle in tenns of other life cycle activities based on previous 
experience. 

The prototype builds upon previous work which has resulted in practical 
experience of the contribution to life cycle engineering activities offered by the 
approach. This is reported upon in the paper. 

Keywords 
Concurrent Engineering, Life-cycle integration, Case-Based Reasoning, Quality 
Function Deployment 

1 INTRODUCTION 

Quality Function Deployment (QFD) is a market driven design and development 
methodology for products and services to meet or exceed customers' needs and 
expectations (Prasad, 1996). The methodology was developed in 1966 in Japan by 
Yoji Akao. Akao defined QFD as being "a method for developing a design quality 
aimed at satisfying the consumer and then translating the consumers' demands into 
design targets and major quality assurance points to be used throughout the 
production stage." (Akao, 1990). 

The first industrial application of QFD methodology occurred at Mitsubishi's 
Kobe shipyard in Japan in 1972. Motivation for use of QFD at Kobe arose from a 
necessity of the company's products (ocean transportation vessels) to meet the 
market's requirements of high quality products coupled with stringent govery1ment 
regulations (Prasad 1996). Since this initial use of QFD, the methodology has 
grown in popularity (if only recently) in the western world. For example, Ford, 
General Motors, Chrysler, AT&T, Proctor and Gamble, Hewlett-Packard, and 
Digital Equipment, have been reported (Prasad, 1996) to have used the 
methodology to some extent. 

When successful, the benefits obtained from QFD practices have been reported 
as: 

• increasing the level of team working including providing a communication 
platform for concurrent engineering (Prasad 1996, Sanchez et al 1993, Cohen 
1995), 

• reducing the time to market (ASQC/ASI 1992, Sanchez et al1993), 
• reducing the amount of re-work (Wilson and Greaves 1990), and 
• increasing the quality of the product (Wilson and Greaves 1990, Aako 1990, 

Sullivan 1986, Hauser and Clausing 1988). 

However, these benefits - or indeed successful adoption of QFD - are far from 
universal. Problems with QFD have arisen due to the subjectivity of decisions tlmt 
are required in the process. This has been particularly evident at the first stage of 
the process where it is necessary to translate subjective customer statements into 
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objective engineering measures (Sanchez et all993). Decisions taken at this stage 
are often found to be "arbitrary" and subject to the "whims" of the designer or 
design team (Franceschini and Rossetto 1995). Because of this, QFD can be a time 
consuming process (Cohen 1995) which can lead to a lack of the necessary (Akao 
1990, Sullivan 1986) management and team buy-in. A further problem with QFD 
lies in the QFD paradox: although QFD is advocated as providing a platform for 
team working and concurrent engineering, the methodology is by definition a 
sequential stepwise process (see next section). Concurrent engineering, therefore, 
is not supported by the process of QFD itself but rather by the multifunctional team 
based activity that is required in the initial stages of the process. It is our 
experience that some organizations either fail to realize this, or realize this but do 
not have the necessary skills, expertise, or information infrastructure to apply the 
methodology successfully. 

These issues have lead to the development of a computer-based approach 
primarily aimed at alleviating these difficulties in the QFD process. The approach 
utilizes Case-Based Reasoning techniques and is based upon the hypothesis that, if 
experience from QFD developments can be captured in some useful form, then this 
experience can be reused in future QFD developments that are in some way similar 
to previous developments. This will reduce the severity of some of the above 
problems by giving QFD decision makers a starting point from which to base their 
decisions based on what was done in similar situations. Therefore, when presented 
with a set of customer requirements to be satisfied, the QFD team will have 
available to them an easily accessible body of experience which may provide 
direction and advice based upon the solution steps, i.e. the QFD matrices, and 
rationale that were taken to achieve similar requirements in the past. 

It would be unwise, however, to blindly use previous solution steps without some 
form of evaluation. The approach, therefore, utilizes feedback information as an 
evaluation of the solution based upon the solution's use. As will be discussed in 
the next section, this feedback information can come from a nwnber of life-cycle 
stages with the final feedback coming from the customer. By utilizing feedback at 
the early stages of QFD, the approach effectively promotes and enhances life-cycle 
integration within the product development life-cycle. 

2 QUALITY FUNCTION DEPLOYMENT 

2.1 QFD process 

In general, the process of QFD comprises four stages: Product Planning, Design 
Deployment, Process Planning, and Production Planning (Sullivan 1986, Ranky 
1994, Sanchez 1993). Each of these stages consists of a translation process 
between the input to the stage and the output from the stage. The output from one 
stage is the input to the following stage. The initial input is the customer 
requirements with the final output being a set of production plans. These 
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production plans should result in a manufactured product that reflects the 
customer's voice. The process is shown in Figure 1. 

C11stnmer?? 

Figure 1 The QFD Process. 

This process should be conducted by a multidiscipliruuy team with the assistance 
of a nwnber of matrix-based charts. These charts serve as the means by which the 
customers' wants and needs are propagated though tlte product life-cycle and also 
as a focus for team activities. A matrix typically used at the first stage of the 
process, altllough applicable to each stage, is the House of Quality (Hauser and 
Clausing 1988, Sullivan 1986, Cohen 1995, Prasad 1996). This is shown in Figure 
2. Use of the House of Quality (HoQ) is as follows (Adams et al 1996): 

1. Obtain Customer Requirements and tlleir degree of importance. ('Whats') 
2. Determine any trade-offs between the customer requirements. (Requirements 

matrix) 

3. Determine tlle required product characteristics. ('Hows') 
4. Determine tlle relationships between tlle 'Whats' and tlle 'Hows'. This is called 

tlle Relationship Matrix. 
5. Detennine any trade-offs that may exist between product characteristics. This 

is done in tlte 'roof of the HoQ and is known as tlle Correlations Matrix. 
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6. Determine product goals or 'How Much'. In this area two values are derived. 
The first of these is a goal value for the particular product characteristic and the 
second is an importance weighting illustrating how important the achievement 
of the product characteristic is to achieving the customer requirements 

Figure 2 The House of Quality 

The output from the HoQ, therefore, is a set of product characteristics with their 
target values and importance weightings. If the first stage has been conducted 
properly and thoroughly,· by a multifunctional team, who understand both the 
customer and the capabilities of the organization, then the set of product 
characteristics should reflect the customer requirements and have all potential 
engineering bottleneck areas identified (Akao 1990). If this is the case, then the 
remainder of the development should incur no unforeseen difficulties. This, 
however, seldom occurs which results either in 'bad' decisions being taken 
downstream because of inappropriate product characteristics being assigned or 
back-trncking to previous stages to make changes. This process results in a body 
of feedback information - the flow of which is not modeled by the traditional QFD 
process shown in Figure 1 - which could be used beneficially in future QFD 
processes if captured and utilized. 

2.2 Life-cycle integration in QFD 

As mentioned above, there is normally a significant amount of feedback 
information which occurs informally within the QFD process. Possible feedback 
routes are shown in Figure 3. 

As indicated in Figure 3, each stage of QFD - apart from the first one - could 
have feedback concerning any or all of the preceding stages. For example, 
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problems discovered in the process planning stage may be due to decisions made in 
the design deployment stage. However, the decisions made in the design 
deployment stage are linked to the output from the first stage of the process which 
means that the decisions undertaken in this stage may be affected. The further the 
development progresses, the more possibilities for feedback occurs, until the 
product is eventually released onto the market. At this point the possibilities for 
feedback come from all internal sources as well as the external source of the 
customer. This feedback will be concerned with a deviation between what was 
expected and what was delivered. For the customer this will be a deviation from 
the expectations of the product and what was delivered, whilst internal sources of 
feedback will be concerned with a deviation with the expected output from the 
preceding stage and what was presented. 

Each stage of the QFD process has as its customers all downstream activities as 
well as the consumer of the product. Making tltis more fonnal, (Prasad 1996) 
considers "voice of the customer" data (D.oc) to be a function of "internal 
customers" (D;c). "extemal customers" (Dec), and "past and future customers" 
(Dp&r). Prasad expresses tlus as: 

Sctisjied 
L------------ .,,.~··------------------------ ---- ON.an:r?? 

04ltl:mr 

Figure 3 QFD with Feedback 



10 

Dvoc = /[Die, D..,, Dp&r ]. (1) 

We extend this fonnalism by decomposing the internal and external customer data 
as follows: 

(2) 

where Dpr relates to present customer (both internal and external) data, and Dps 
relates to past customer data. The past customer data can then be further 
decomposed to: 

Dps = f[D,., D., Dr], (3) 

where Dr relates to past requirements, D. relates to past solutions, and Dr relates to 
past feedback. 

By storing the past infonnation, comprising the past requirements, past solutions 
and associated feedback, it is possible to use this infonnation in making decisions 
about present requirements and their solutions. In this way downstream activities 
can be incorporated effectively into decision making at the initial stages of the 
product development life-cycle based on experience. In theory, therefore, this 
helps the QFD team take account of all life-cycle stages. The problem, however, is 
establishing similarities between past and present customer (internal and external) 
requirements. A computational technique known as Case-Based Reasoning offers 
significant potential to this approach. 

3 CASE-BASED REASONING 

3.1 Background 

Case-based reasoning (CBR) is an artificial intelligence technique that has its roots 
in cognitive science research and the role of "remindings" in hwnan reasoning 
(Schank 1982). The technique concentrates on the use of specific problem solving 
experiences in the solution of new - but similar - problems. Basically, CBR 
utilizes the characteristics of a problem situation to facilitate a "reminding" to a 
previous problem situation, or experience, that has similar characteristics. The 
solution to the previous problem is then reused either as a complete solution to the 
new problem or as a starting point to a new solution. For an general introduction 
to CBR see (Aamodt 1995, Kolodner 1993, Leake 1996, Watson 1995). 

As an approach to computational reasoning, CBR has many advantages (Leake 
1996, Watson 1995) which make it attractive. More interesting, however, are the 
benefits that successful implementation of CBR can offer the host organization. 
Althoff et al (Althoff et al 1995) have identified the following potential benefits of 
utilizing CBR within an organizational setting: 
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• delivering more consistent decisions throughout the organization (assuming the 
system is used wliversally); 

• preserving the know-how of specialists by capturing their experience; 
• transferring experience from the skilled specialist to the novice; 
• building a form of corporate memory by sharing individual experience. 

These benefits make CBR an ideal instnunent for implementing the approach to 
QFD and, in turn, the integration of the life-cycle that has been discussed. A more 
detailed overview of how CBR is conducted is now given. 

3.2 The CBR Process 

The process of CBR is described in (Aamodt and Plaza 1994) as the CBR cycle. 
This is shown in Figure 4 and involves the following steps: 

robkm~ 
~ RETRIEVE 

Learnt r---.t.....l 
Case 

RETA~ 
rR-ep_a_i~~~~---1~-----
Case ADAPT 

• Test Solution Test Solution 

Figure 4 - The CBR Cycle (Aamodt & Plaza) 

1. Retrieve the most similar case( s) by using some form of similarity assessment 
measure. 

2. Reuse the solution(s) in the retrieved case(s) as a starting point for solving the 
new problem. Test the solution at this point to evaluate the solutions worth. 

3. Adapt the proposed solution in order to solve the new problem. Continually 
test and adapt the solution until a satisfactory solution is achieved. This may 
be aided by a body of domain knowledge. 

4. Retain the significant parts of this experience for use in future problem 
solving. 
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Any implementation of Case-Based Reasoning must take into consideration the 
above aspects. Each of these has attracted significant amounts of research activity 
from the computer science and cognitive science research communities. 
Discussion of these issues is out with the scope of this paper, however, the 
interested reader is directed to (Kolodner 1993). 

A fundamental consideration in CBR. is the composition of the "case". Although 
this is application specific, the general composition of a case is described below. 

3.3 Case content 

A useful definition of a case is given in (Kolodner 1993): 

"A case is a contextualised piece of knowledge representing an experience that 
teaches a lesson fundamental to achieving the goals of the reasoner." (Kolodner 
1993) 

A case is considered to be a specific experience which is internally representable 
by a computational machine. A case-base or case library is a collection of cases. 
It is from this library of cases, and in turn the specific cases themselves, that the 
reasoning in the process is facilitated. A critical factor, therefore, in the 
effectiveness of a CBR system, is the contents of each case which makes up the 
library. 

In order to remain true to the definition given above, it is suggested (Kolodner 
1993) that each case should consist of three major parts: (i) Problem/Situation 
description - this is the description of the problem needing solved and essentially 
defines the context of the experience or case, (ii) Solution - this is a description of 
the solution used to solve the problem and can include rationale and use domain 
knowledge (Aamodt and Plaza 1994). (iii) Outcome - this is the success or 
otherwise of the solution after it was applied to the problem and is the means by 
which the technique avoids repeating unsuccessful solutions. 

Deciding the contents of each of the above parts is a major concern in the 
development of case-based systems. 

3.4 Some example CBR systems 

Case-Based Reasoning has found employment in a broad range and diversity of 
applications ranging from the very popular help-desk systems (e.g. Acorn and 
Walden 1992) to the more unique application of using CBR to simulate biological 
neural networks (Wendel 1993 ). The technique has also broken out of the confines 
of the research community and found many industrial applications. The first of 
these was by Lockheed Aerospace in Palo Alto, California in 1990 (development 
began in 1987) (Hennessy and Hinkle 1992) with another notable application 
occuring within General Dynamics' Electric Boat Division (Simoudis 1992). 
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An area that has received a substantial amount of attention by the CBR research 
community is that of the design task. This has resulted in a sub-area of CBR being 
established called Case-Based Design (CBD). For an overview of this area consult 
(Maher et al 1995). Examples of interesting CBD systems are CYCLOPS 
(Navinchandra 1988), Kritik-2 (Goel 1989), CADET (Sycam et al 1991), MIDAS 
(Domeshel et al1994), and CADRE (Hua et all993). 

4 LIFE-CYCLE INTEGRATION USING CBR 

4.1 Previous work: RA-IQSE 

The Revision Advisor - Integmted Quality Support Environment (RA-IQSE) 
(Irgens 1995), is a prototype system which uses CBR techniques to supply the 
early stages of the design process with experience-based information from 
previous developments. The system has a front-end and a back-end. The front-end 
provides the designers interface to the system and allows the designer to conduct 
design activities and request advice about the suitability or 'fitness-for-purpose' of 
the proposed design. The 'fitness-for-purpose' of the design is based on 
information entered via the back-end of the system. Here, data from testing, 
manufacturing, and warmnty forms, are input for completed/in-service products. If 
advice is requested by the user, then the CBR mechanism locates a "similar'' past 
design and uses the feedback information associated with the past design to 
provide advice in the creation of the new design. 

The RA-IQSE project enforced the idea that ultimate quality is largely 
determined at the design stage and attempted to improve quality by making 
designers more aware of past product successes and failures. The prototype was 
implemented at an automotive parts manufacturer with positive results, the most 
significant of which was the acceptance by · the part designers of the CBR 
technique. 

4.2 Proposed approach: applying CBR to QFD to enhance life-cycle 
integration 

For RA-IQSE, the front and back ends of the system were purposely built to 
achieve the system's goals. Similarly the underlying data structures and case 
representations were fixed and permitted no opportunities for receiving pertinent 
life-cycle information from sources other than the system feedback interface. 
Furthermore, at the front end of the system only tightly specified 'customer 
requirements' could be entered which were more akin to product cbamcteristics 
within the QFD process. The designer t11en created a design based on these 
product chamcteristics and received advice of tile proposed design. RA-IQSE, 
therefore, supported the second stage of the QFD process and avoided tile first 
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stage which is recognized as being the most crucial and difficult to complete 
(Sanchez et all993). 

These factors contributed to the motivation for developing a new approach which 
continued the philosophy initiated with RA-ISQE but that attacks the problem with 
an extended set of goals. The ultimate goal of utilizing feedback information more 
effectively still remains. However, by adopting the full QFD process as a 
framework, the approach can achieve a greater focus upon the customer and 
encompass a greater span of the life-cycle more effectively. The greater focus on 
the external customer is achieved by making use of the approach at the first stage 
of the QFD process and is compounded by taking account of actual customer 
feedback once the product is in use. Through achieving this, the system provides 
the host organization with a customer responsive mechanism (Davis and Manrodt 
1996). 

In terms of internal customers, the new approach makes it far easier for feedback 
to be collated. In RA-IQSE, as mentioned above, the 'Quality Observations' had 
to be entered via the feedback interface regardless of their origin. This is not as 
convenient as the developed approach whereby the case is used to integrate 
information residing in independent databases dealing with the various stages of 
the life-cycle. In this way, the CBR component of the system may be seen as an 
integrating mechanism. 

m 

Jnfcmllllm ln. 

AIMafllllisbmce out. ..,. __ _ 
Flowef'Jnfonnltlon 
through QFD JIIUCe& 
-·-·-·-· -·- ·- ·-·-· _,.. 

CDR 
Mechanism 

r----1 GBtonrr 
Feedback 

'----.1 Database 

Figure 5 General Approach 

The approach is illustrated in Figure 5 focusing in particular on the use of the CBR 
mechanism as a life-cycle information integrator. 
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5 PROTOTYPE IMPLEMENTATION 

5.1 Prototype delineation 

A prototype implementation of the described approach is currently being 
constructed with the imposed limitations of only utilizing customer feedback 
information and relating this feedback to the initial stage of tlte QFD process. The 
rationale for utilizing customer feedback information is that such information 
reinforces the philosophical slant of QFD (i.e. getting 'close' to the customer) and 
therefore potentially offers the greatest benefit to the organization in general and 
the QFD process in particular. Furthermore, this information is frequently 
recorded by manufacturing organizations but is seldom utilized fully (Goodman et 
all996). The described approach makes significant utilization of this information. 

The reason for only relating the customer feedback data to the first stage of the 
QFD process is two-fold. Firstly, this stage is the most subjective (Franceschini 
and Rossetto 1995) of all the QFD stages and as such has no wtderlying model 
against which to evaluate decisions. Therefore, specific feedback about a product -
after appropriate interpretation - may prove useful in evaluating decisions at tlte 
first stage. Secondly, the first stage of the QFD process effectively defines tlte 
product the customer will receive and tlms is the most important of all tlte stages. 
Therefore supporting the first stage offers most leverage in terms of final product 
quality. 

Despite tltese limitations life-cycle integration is still being achieved and - as 
argued - possibly being achieved over the life-cycle activities which lead to 
greatest customer satisfaction. 

5.2 Architecture 

The basic architecture of the prototype system is illustrated in Figure 6. The 
current implementation of the system utilizes a House of Quality database at tlte 
start of the life-cycle and a customer feedback database in tlte later stages of the 
life-cycle. A knowledge-base is also used by tile CBR mechanism. It is important 
to note that these databases are independent and have a purpose on tlteir own. It is 
tile CBR mechanism which acts as a collector and correlator of information 
through a case which is independent ofbotll systems. 

The architecture (Figure 6) greatly simplifies many of the issues relating to the 
case-based aspects of the approach. For a more detailed examination of how the 
CBR mechanism works see (Adants et all997). 
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I 

Figure 6 System Architecture 

5.3 System use 

Although the flexible nature of the system means that the user can interact with the 
system in many ways, a typical example of the system would operate as shown in 
Figure 7 and is described below: 

I. The contents of the 
case are described as 
the situation for 
which advice is to be 
given - this may be 
range from an almost 
empty HoQ through 
to a completed HoQ. 

2. Case identifying 
indices are assigned 
to the new case and a 
retrieval operation is 
perfonned on the 
case library. 

3. For each retrieved 

Figure 7 Typical user interaction 
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case two values are calculated: the similarity measure and the feedback 
assessment measure. 

4. The retrieved cases are analysed and the parts of the cases which can be reused 
for the new case transferred. 

S. An initial attempt at constructing the new HoQ is performed. 
6. The result of 5 is evaluated for any constraint violations in the requirements, 

relations and correlation's matrices. 
7. The new case is completed by providing solutions to the customer requirements 

that remain unsolved. This is achieved by allowing the user to select product 
characteristics that provide the functionality required. During this process 
continual evaluation is performed therefore allowing the user to see the effects 
ofhislher decisions immediately. 

8. The completed HoQ is then stored in the case library for future use. 
9. Any feedback information that is received is interpreted and associated with the 

relevant case. 

For an illustrative example of the system see (Adams et al 1996). 

6.0 SUMMARY AND FUTURE WORK 

It is anticipated that the approach described in this paper will offer significant 
benefits in the areas of continuous improvement of products and life-cycle 
integration. The first of these benefits being achieved essentially through the 
provision of the later. The approach follows the philosophical direction of our 
previous work on RA-IQSE but aims to extend and enhance the RA-IQSE work as 
has been described in the paper. 

The prototype system that has been described is due for industrial evaluation in 
the Autumn of 1997. Based on the results achieved from the evaluation, the 
direction for future work on the approach will be established. This will be reported 
upon at the appropriate time. 
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Abstract 
This case study enumerates the steps involved in testing the data exchange among 
dissimilar CAD systems using a standard exchange mechanism and discusses the 
level of inter-operability that can be achieved to facilitate successful transfer of 
CAD data among three CAD software's namely ProlE version 17, I-DEAS Master 
series version 3.1 and AutoCAD release 13 in a CIM environment. First the Initial 
Graphics Exchange Specification (IGES) is used as the data exchange mechanism 
to test these software's using a standard test procedure. The same test procedure is 
then used to find out the effectiveness of the data exchange between ProlE and I
DEAS using a different exchange standard called the Standard For Exchange Of 
Product Model Data (STEP). AutoCAD does not support STEP. Experimental 
results show that ProlE and I-DEAS have the capability to share complete CAD 
information but AutoCAD has some limitations in transferring information on 
surfaces and solids using IGES. By using the STEP translator, we are able to 
translate CAD data efficiently one way from ProlE to I-DEAS and vice versa but 
have some difficulty carrying out back and forth data transfer between tl1em. 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
© 1997 IflP. Published by Chapman & Hall 
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1 INTRODUCTION 

Traditionally CAD systems have competed on ease and speed with which the 
geometry is created, but there is an increasing need for these systems to have the 
capability to integrate seamlessly with other systems in a CIM environment. The 
present day manufacturers are working concurrently with a wider range of 
dedicated suppliers, each having their own legacy systems with varying levels of 
technical sophistication. In addition to this these manufacturers and suppliers have 
access to more product information and a variety of CAD/CAM products to choose 
from. So it is very important for these suppliers to be able to effectively 
communicate vital product data with the manufacturers, quickly and effectively 
regardless of the system they have [1]. If this is achieved the manufacturers can 
obtain quick feedback from the suppliers on new designs, existing designs can be 
modified faster and product variations can be Ininimized by utilizing the existing 
standard components from the product database thereby reducing product 
development costs. To obtain tl1ese benefits of seamless integration we have to 
evaluate the effectiveness of the CAD data exchange among the systems available 
using a standard exchange mechanism. The effectiveness depends on tl1e extent to 
which the data exchange satisfies tl1e user's specific requirement working under a 
particular environment. Data is exchanged from tl1e base system to tl1e target 
system by first translating into a neutral file format and tl1en to tl1e data structure of 
the target system. Data exchange between any two dissimilar CAD systems can 
either be a simple data transfer involving simple geometry, or a complex model 
having a variety of entity types. So in order to get tile desired results, it is 
important for one to tmderstand the CAD application. how it is used, the operating 
system requirements, the hardware requirements, the mode of communication, 
knowledge of files and file transfer protocols. 

The objective of tl1is paper is to find out t11e compatibility of the tllfee dissimilar 
CAD systems, namely AutoCAD 13 [2], I-DEAS 3.1 [3), and ProlE 17 (4]using 
Initial Graphics Exchange Specification (IGES) as the standard for exchange of 
CAD data. IGES is tl1e specification for the structme and syntax of the neutral file 
in binary or ASCII fonnat. Here AutoCAD (supporting IGES 5.1) was operated in 
a Windows NT environment having a 64MB RAM with Pentitun processor, I
DEAS and ProlE both supporting IGES 5.1, in a Silicon Graphics workstation with 
64MB RAM, 2GB hard drive and MIPS R4600 (134 MHz) CPU. We see that tl1e 
hardware requirements of ProlE and I-DEAS are greater tl1an AutoCAD. All tl1e 
tllfee softwares were on different servers. 
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2 TESTING PROCEDURE 

A standard dmwing of the part, as shown in Figw'e 1, is created in each of the three 
softwares. This provides a common ground for comparison. The following steps 
have been carried out for each of the software to evaluate their compatibility. 

Step One 
Create a CAD file in the base system, generate the IGES file for the same using the 
export option (igesout). Check the .log file for any errors or warning message and 
identify the causes in the pre-processor. Then import it (igesin) into the same base 
system. Again check .log file for any error messages by the post-processor. Check 
whether the plots look the same and the geometry is correct. This method uses the 
pre-processor and post processor (translator) of the same CAD system. See Figure 
2. 

CADSYSTEMA I 
~xport (igesout) ~ ~ 

~~._---------------------~~~~F~~ 
....__ ______ _, Import(igesin) 

Figure 2 Step one of testing procedure 

Step Two 
Create a CAD file in system A, generate the IGES file and transfer this file to 
another CAD system say system B using File Transfer Protocol (FTP), see Figure 
3. Before creating the IGES file in the base system A using the export option check 
the requirements of the receiving system B, like acceptable tolerances, type of 
representation of the model, so that the file created can be easily transferred to the 
receiving system. For example if the receiving system easily recognizes surfaces, 
then represent the solid model as a set of surfaces using the available IGES 
configurations or options in the base system. 

Export (igesout) 

CADSYSTEMA 

Import (igesin) 

CADSYSTEM B 



24 

This facilitates easier transfer of data into the receiving system satisfying its 
requirements. Then recreate the solid in the receiving system by merging or 
stitching the set of surfaces into a solid. For the IGES file created in the base 
system, check the Jog file for any errors and repeat the same for the receiving 
system. Check whether the plots look the same in both the systems. Look for any 
inconsistencies in the geometry and text. Also ensure that the units of the CAD file 
in both the systems are the same. One way to ensure that the units are the same is 
to check the mass properties like density, volume, surface area, etc. If the file is 
transferred completely without changing the form and function the mass properties 
will be the same. For example if the base system sends a solid, and the receiving 
system receives it as a wireframe or a set of surfaces, the resulting model will have 
no mass. 

Step Three 
Create a CAD file in system A, generate the IGES file and transfer tllis file to 
system B using FfP, create an IGES file of tllis transferred file in system B and 
transfer it back to system A using FTP. It should be noted that we do not recreate 
the model in system B. Tlms tllis step involves repeating the Step Two twice, once 
from A to B and once from B back to A, see Figure 4. 

Export (igesout A) 
CADSYSTEMA 

lmport(igesin A) 

Export(igesout B) 

Figure 4 Step three of testing procedure 

3 OBSERVATIONS 

(i) IGES 

Pro/Engineer 17 

Import (igesin B) 

CAD SYSTEMB 

A solid model of the part is created in the Part mode. Choose Interface from Part 
mode and Export from the Interface menu to create an igesout file. ProlE creates a 
.prt file for all the parts created. This file lists ~e sequence of operations carried 
out in making the model in numerical form. Tllis raw data is compiled into a 
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relevant .inf (information) file. This .inf file gives information like filename, units 
used (mm or inch), the features created, internal feature number, feature id, 
dimensions involved, the type of operations performed (Extrusion, Protrusion), etc. 
ProlE also creates a .log file for all files that are imported and gives information 
about the IGES entities. It gives information about the IGES number associated 
with each entity (e.g. circular arc is represented by 100), entity name, the number 
of occurrences of that particular entity, whether all the entities present have been 
converted into IGES entity. It also gives the total number of curves, surfaces, 
trimmed surfaces it bas identified as present in the model and total processing time. 
In order to accomplish the first step the exported file was imported back to Pro/E. 
The geometry and the plot looked the same. The .log files were checked for any 
error messages. It did not show any error messages, also the total number of 
entities remained the same. Thus we can see that the pre and post processors of 
ProlE are consistent in translating the IGES files. 

ProlE--> I-DEAS 
The model of the part created in ProlE is exported to I-DEAS. To accomplish tllis 
we use the Part - Interface - Export menu options and t11en use t11e binary mode in 
file transfer protocol to transfer tl1e . igs file of t11e model to the server where I
DEAS resides. To open t11e file in I-DEAS we create a new model file and use tl1e 
File - Import - IGES (view independent) menu. The model is imported as a set of 
open surfaces, using the default tolerance available in I-DEAS (3.94E-4 inches or 
0.01 mm). Thus I-DEAS recreates tl1e geometry based on tl1e geometric definition, 
the topology and the required tolerance. If t11ere are any errors during tl1e transfer 
process, I-DEAS detects and lists the ill-defined or missing surfaces needed to be 
merged to form a solid. The .log file lists all t11e errors, tllis .log file is stored as a 
.ipr (information processing report) file in t11e directory. In order to merge tl1ese 
open surfaces we open the file in the master surface module and use the autostitch 
menu to stitch all the individual surfaces and form a single solid. If tllis does not 
work we have to try doing the same using tighter tolerances so that the gaps in the 
open surfaces are reduced. This model imported from ProlE as a set of surfaces is 
autostitched at a tolerance of 5.94E-4, even though it was imported using a 
tolerance of 3.94E-4. The part now looks identical to the original part; its mass 
properties like volume and density are the same. Also tl1e size of the .igs file is 
same in both systems, ensuring completeness in t11e data transfer. 

Although the size of the files and t11e overall geometry is same tl1ere is no one to 
one correspondence in the way the individual entities are identified and defined (as 
seen in the .log files of t11e individual systems, which gives the munber, type and 
the IGES number of each entity) by the pre-processor (IGES translator in Pro/E) 
and the post-processor (IGES translator in I-DEAS). Tllis means that some 
differences exist in the way tile IGES translator, in each of tile system interprets tl1e 
individual entities that comprise t11e model, even though tile overall geometry 
remains tile same after the transfer. Thus tile configuration of the IGES translator 
varies from system to system. 
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(ProlE->) I-DEAS---> ProlE 
The third step in the procedure is carried out by exporting the I-DEAS solid 
(created in ProlE) back to ProlE. I-DEAS creates a .ipr file, which is checked for 
any error messages. The .igs file is transferred to ProlE by representing the I
DEAS solid in the form of surfaces using the Surfaces Curves and Points option. 
This is because ProlE prefers to import solids in the form of surfaces, as it has the 
capability to construct the solid from the imported data. ProlE automatically 
creates a solid when sufficient data is available during import to create a solid, 
otherwise we can use Redefine - Fix Boundaries options or Merge quilts option to 
form a solid. Upon observation, this transferred model looks almost like the 
original with the mass properties, but the number of entities that make up the 
model (as seen in the new .log file) are more than that was originally transferred to 
I-DEAS. This is probably because of the autostitching performed on the model in 
I-DEAS. 

Thus we see that for a part created in ProlE we are able to move back and forth 
between ProlE and I-DEAS using a standard exchange mechanism. 

ProlE--> AutoCAD 
In order to check the compatibility between ProlE and AutoCAD we have to 
follow the steps two and three of the test procedure as the first step has already 
been performed. First model the part in ProlE, and then export it using the Part -
Interface - Export option. Here we have an option of either exporting it as a solid 
model or a drawing containing the different views generated from the model. If we 
want to export it as a drawing we need to use Drawing - Interface - Export option. 
There are several configuration options available that support the export of ProlE 
parts and drawings to IGES. This helps in tailoring the IGES files to the receiving 
system's requirement The iges_out_spl_crvs_as_l26 configuration option sets all 
part geometry spline curves to IGES entity 126 (B-SPLINE) when creating an 
IGES file. With these options available the .igs file of the part is exported to 
AutoCAD (residing on a different server) using FTP. This file is viewed in 
AutoCAD using the Import option. As before we check the .igs file of the part for 
any error messages or warnings during the data transfer. The .igs file gives only 
the numerical values of the entities that are transferred. The plan view of the solid 
model is seen in 2 dimensions. To view the 3D wireframe of the part we have to go 
to Views- Viewpoint and select the desired angle to view. 

Thus AutoCAD does not have the capability to convert tllis into a solid or a 
surface model. So it is preferable to import tl1e .igs file created from t11e drawing 
file containing tile different views of the model. 

(ProlE-->) AutoCAD ----> ProlE 
The .igs file of the part imported into AutoCAD from ProlE is created using tl1e 
Export- Igs option. This file is transferred back to ProlE using FTP. We observe 
that ProlE is able to get back only the wireframe of the original solid model. We 
see from the .log file that the AutoCAD translator has defined the whole model in 
the form of wireframe entities like lines and circular arcs. Thus much of tl1e 
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information about the surfaces that was sent originally from ProlE are lost in 
AutoCAD during translation. So AutoCAD is able to send only wireframe 
information back to ProlE. Thus we see that the configuration and capabilities of 
the IGES ttanslator of each of these systems are different ProlE has the capability 
to create a solid model of the part by using wireframe as the reference. For this we 
have to create dabun planes for sketching and use the through option to construct 
the solid feature in the geometric tools menu. But this is a tedious process when 
bigger models are present. 

Thus for a part created in ProlE it is advisable to transfer 2D drawings into 
AutoCAD. It is not desilable to move the solid model back and forth between these 
two systems as much of the information on the surfaces and solids are lost in 
between due to the capabilities of the translators. 

I-DEAS 3.1 
A Solid model of the standard part is created in I-DEAS master series 3.1. For each 
model created two model files are generated by I-DEAS. This model file is 
exported using the File- Export- IGES option. I-DEAS has a variety of options for 
export depending on the receiving system called flavors. We can either use a 
standard flavor or a specific flavor depending on receiving system like AutoCAD, 
CADAM, CATIA, CAMANO, UNIGRAPHICS, VDA, INTERGROAPH, Ford
PDGS, GM-CGS. For tile curves and surfaces the default flavor is B-spline, 
represented as Non Uniform Rational B-splines (NURBS). Solids can be exported 
as a set of surfaces, curves, points or model, space curves or model, space 
parameter space curves depending on the requirements of the receiving system. To 
perform the first step the model is exported using IGES and standard flavor as the 
option. Then this file is imported back to the system. In both cases the .ipr file 
which gives the information processing report is checked for any errors. 

There was no error and tlte geometry of the model was the same in both cases, 
indicating that the IGES processor of I-DEAS is able to transfer CAD data 
completely without change of content and functionality. 

I-DEAS-> ProlE 
The standard part is created in I-DEAS using the Master Modeler and Design 
menus. This part is exported using the File - Export - IGES option. Since I-DEAS 
does not have a specific flavor for ProlE as such we use the IGES option. Here we 
use the option of representing the I-DEAS solid as a set of surfaces, curves and 
points in IGES. Use the default tolerance of 3.94E-4. The Jog file is checked for 
errors or warning messages. There were no errors recorded by the pre-processor in 
reading the IGES entities. This file is run in ProlE, and again the .log file is 
checked for any errors. There were no error messages. The plots look the same, the 
geometry is correct. 

Thus indicating that the post-processor (ProlE translator) is able to read the IGES 
entities sent by the pre-processor (I-DEAS translator). 



28 

(I-DEAS->) ProlE---> I-DEAS 
The above file in ProlE (Originally modeled in I-DEAS), has to be sent back to I
DEAS. The Interface - Export option is used in ProlE to create the igesout file for 
the part. There were no errors recorded. This is then sent back to I-DEAS using 
FrP. The size of the .igs file is the same in both the systems, thus indicating that 
the completeness of the data transfer. The part, which is transferred as a set of 
surfaces. has to be stitched using the Master surface module to fonn a solid. The 
resulting solid is compared to the original solid that was modeled. It has the same 
geometiy, mass properties are also the same. This shows that there was no loss of 
information during the transfer and also that the translator is able to identify the 
entities created by the IGES processor of Pro/E. Thus a model created in I-DEAS 
can be sent back and forth to ProlE effectively. 

I-DEAS-> AutoCAD 
The solid model created in I-DEAS is exported to AutoCAD (in a different server) 
using the AutoCAD flavor option. The .log files are checked for any errors. The 
file is then read in AutoCAD using the Import - igsin menu. The 2D view of the 
model appears in AutoCAD. The 3D wireframe of the solid created in I-DEAS is 
viewed in AutoCAD using the Views - Viewpoint menus. If the AutoCAD flavor 
option in I-DEAS is not used we see a distorted image of the geometry when 
transferred to AutoCAD. This is because the AutoCAD is not able to recognize the 
surface information sent by I-DEAS processor. This is evident upon checking the 
mass properties (which says that the part volume is zero). I-DEAS also bas the 
capability to convert the solid model created in the Master modular to 2D 
drawings. To do this we have to open the same model in the Drafting Setup 
module then use the Create Layout icon to enter the information to create the 
drawing of the parts already modeled, then use the Move icon to reposition any 
dimensions or make sections, and add rumotations to the drawing rutd go to the 
Drafting Detailing module. From here the drawing cru1 be export.ed to AutoCAD 
using the AutoCAD flavor. These drawings can be viewed in AutoCAD without 
any changes. 

(I-DEAS---->) AutoCAD ----> I-DEAS 
Using the export menu in AutoCAD the part is transferred back (using FTP) to I
DEAS. We get the wireframe of the original model, but the .log file shows that the 
AutoCAD processor has interpreted the entire model as a collection of only two 
entity types namely lines and circular arcs. There are many open edges in the part 
that cannot be modified because I-DEAS does not have enough information to 
generate a solid model from this IGES file from AutoCAD. Although I-DEAS 
transferred information about the curves (B-splines), and surfaces to the AutoCAD 
processor, much of the infonnation about the model is lost when a .igs file (of the 
same part) created in AutoCAD is transferred back to I-DEAS. 

Thus indicating that the IGES translator of AutoCAD has the capability to 
transfer only 2D and 3D wirefrante information but not about surfaces rutd solids. 
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AutoCAD 
The standard part is drawn in AutoCAD. This file is exported using File- Export
lgesout option. AutoCAD 13 supports IGES 4.0 and it requires the files to be 
exchanged in fixed length ASCII format. The AutoCAD translator (Version 3.04) 
creates the .igs file. This is then imported back to AutoCAD using the File - Import 
- lgesin option. The drawings appear exactly the same, the size of the .igs file is the 
same, and there are no changes in the text and annotations. 

Thus Igesin and Igesout options of AutoCAD support the translation of drawings 
and preserve the geometry and functionality of the entities. 

AutoCAD -->ProlE 
The drawing created in AutoCAD is exported to ProlE, the drawing is regenerated 
by the translator of ProlE, with all the text, dimensions and armotations, without 
any errors. ProlE also regenerates tlte 3D wireframe created in AutoCAD. 

(AutoCAD --->) ProlE----> AutoCAD 
The above part in ProlE (from AutoCAD) is exported using the Interface - Export 
option and transferred to AutoCAD using FfP (ASCII mode). The file is viewed in 
AutoCAD using the lgesin. All dimensions and annotations are visible, but 
AutoCAD is not able to define tlle drawing extents. Thus tlle wireframe originally 
created in AutoCAD, when transferred back from ProlE is regenerated witllout any 
errors. We see that the translators of AutoCAD and ProlE are able to recognize and 
interpret the IGES files created by one another correctly. 

AutoCAD ---> I-DEAS 
The part created in AutoCAD is exported to I-DEAS. We first transfer tlte drawing 
and then tlle wireframe geometry of the part to I-DEAS. Text and annotations are 
lost when we transfer drawings. 

(AutoCAD ->) I-DEAS----> AutoCAD 
The file is transferred back to AutoCAD, from I-DEAS. Here again there are no 
annotations and text But tlte overall file transfer is smootll and we get whatever 
information that was sent originally from AutoCAD back. 
(ii) STEP 

The same testing procedure is used to test tlle interoperability of ProlE and I
DEAS, by using tlle Standard For Exchange Of Product Model Data (STEP) 
standard as the data exchange mechanism. Both ProlE and I-DEAS support tlle AP 
203IS of the ISO 10303 STEP format. This format provides file exchange for 
Configuration Controlled three-dimensional designs of mechanical parts and 
assemblies with advanced B-Rep solids, Non-Topological surface and Wireframe. 

Pro/Engineer 17 
The solid model of the part is created in part mode and then exported to STEP 
format using Interface - Export option. Tllis procedure is same as IGES except 
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that we select the STEP menu from the Export option. Here we have the choice of 
exporting the part as a wireframe, surfaces, solid, shells, and datum curves. We 
select the solid option. ProlE creates a .stp file and a .log file, which contains the 
list of STEP entity types used in creating the exported file. 
To carry out the Step One of the testing procedure this .stp file is imported back to 

Pro/E. This is done by choosing Interface - Import option and then select STEP 
menu. Then create a Co-ordinate system to locate the STEP data. The system starts 
processing the STEP data. On checking the .log file the number of entity types that 
make up the part remains the same, the solid model and its properties like mass, 
density, etc. remain the same. Titus we see that the STEP translator is consistent in 
parsing the input data created by itself. 

ProlE-> I-DEAS 
The Step Two of the testing procedure is then carried out by transferring the 
exported STEP file (.stp) to I-DEAS using the file transfer protocol. Tlte exported 
solid model from ProlE is imported by I-DEAS using the geometry translators 
menu. We observe that the solid model is transferred in its entirety with the mass 
properties remaining the same. Thus the STEP translator of I-DEAS is able to 
transfer the CAD data without losing much information. 

(ProlE--->) I-DEAS---> ProlE 
This follows the Step Three of the testing procedure, wherein the part created in 
ProlE is transferred back to ProlE from I-DEAS. Here we use the Interface -
Import option to import the STEP data from I-DEAS after selecting the Co
ordinate system. PioiE gives out an error message saying "could not construct 
feature geometry" as the translator is not able to process some entities that help in 
finalizing the topology. 

I-DEAS 
The solid model of the standard part is created first and then the Step One of the 
testing procedures is performed. For this we switch to geometry translators, open 
the model file that contains the part then use the Export option. Complete 
translation is possible using the default option for export. When we export the part 
a relationship is created between the exported part and the resulting STEP file. All 
user attributes will be mapped to the Configuration management data which gives 
information on the part, part nmnber, name descriptor, etc. The configuration 
management data keeps pertinent infonnation about the part even as the part 
moves from different suppliers and vendors. When we export two files are created 
namely the .step and .opr (output processing report) files. The .opr file gives the 
list of parameters that are set and the list of STEP entities. 
This file is imported back by I-DEAS. For this we switch back to geometry 

translators, open the model file that contains the part and use the Import option. It 
should be noted that only single parts can be imported into I-DEAS from STEP 
translator. The system automatically creates a .ipr (input processing report) file. 
We see that the model remains the same in form and has the same mass properties. 
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Thus indicating that the S'IEP translator is consistent in translating data created by 
itself. 

I-DEAS---> ProlE 
The S'IEP file that was exported by I-DEAS is imported by ProlE after creating the 
co-ordinate system. We observe that tlte part is translated without any change in 
the shape, mass properties, etc. Thus indicating tllat tlle S'IEP translators of ProlE 
and I-DEAS are able to communicate effectively. By this we have completed tlle 
Step Two of the testing procedure successfully. 

(I-DEAS->) ProlE-> I-DEAS 
This is the Step Three of the testing procedure. The STEP file of the part from I
DEAS is created in ProlE using tlle Export option. This is tllen transferred back to 
I-DEAS using the geometry translators and import option. I-DEAS gives out a 
message saying that the system has encountered errors parsing the input file. It also 
says that mapping of a particular entity to and from S'IEP is not supported by tlte 
STEP translator. 

Thus we observe that botl1 ProlE and I-DEAS are able to transfer the S'IEP file 
to itself (Step One of testing procedure) and to the other system (Step Two of 
testing procedure) successfully. But is not able to translate tlte data back to the 
native system from another system. 

4 CONCLUSION 

We see that ProlE is compatible with both I-DEAS and AutoCAD, witll regard to 
back and forth transfer of CAD data using IGES. But AutoCAD is not efficient in 
transferring data on surfaces and solids. Tllis could be due to the inherent 
differences in the capabilities of tlle individual CAD software or due to tlle way the 
part is modeled as there are no modeling standards available. S'IEP translators are 
efficient in one way transfer of data between I-DEAS and ProlE, but are not able to 
aid in back and fortll transfer of CAD data between tllese software. Thus tltere 
exists some differences in tlte interpretations of the STEP standard by different 
CAD/CAM software vendors. · 
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Abstract 
Current commercialized PDM tools have drawbacks in representing a variety of 
data types such as CAD data, images, audio, long text. etc. by relational data 
modeling. For this reason, object-oriented approaches have been suggested as an 
alternative. In this paper, using the object-oriented paradigm, an object-oriented 
data model for the PDM system is proposed. The scope of the modeling is limited 
to management infonnation for drawings, parts, and product stmcture. 
Rumbaugh's OMT (Object Modeling Teclmique) has been adopted for tlte system 
design. In tlte modeling, classes of data vault and workspace are taken into account 
for tlte review or approval of drawings and parts data based on tlte concurrent 
engineering concept. For parts and corresponding product stmcture, classes of 
phantoms, options, substitutes, etc. are added to tlte model. In addition, state 
transition and data flow diagrams are suggested based on tlte analysis of work and 
data flows of drawings and parts. 
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1. INTRODUCTION 

In recent years, the interest of industry begins to change from cost reduction and 
quality improvement to reduction of the time-to-market of new products. In other 
words, in order for the industry to strengthen a competitive position in markets and 
pursue a continuous improvement, new strategies are required so that the industry 
can respond quickly to customer's needs placing emphasis on diversification, high 
quality, and differentiation of products (Kim, 1994). 

As one of the sttategies, a Concurrent Engineering (CE) concept has been 
applied to product design processes. CE takes into account most of engineering and 
manufacturing information related throughout a product's life cycle period, based 
on harmonious communications among product development teams, sharing of 
information, and simultaneous processes. 
PDM (Product Data Management) is one of the systematic approaches for the 

implementation of CE. PDM makes concurrent processes possible by managing 
comprehensively design and drawing tools, engineering data bases, shared 
electronic documents, etc. In other words, it provides users with all the information 
needed at desired places in adequate formats at an appropriate point of time 
(HP1993, CIMdata 1994, Lee 1996, Choi 1995). 
In general, PDM deals with data such as drawings, documents, product structure, 

engineering data, workflow and processes, project management, etc. concerned 
with product development. However, as this data consists of complex stmctured 
data, image or vectored files, voice, audio, etc., it is not convenient to treat the data 
with current PDM tools oriented to relational databases. 

Relational DBMSs have been developed to fit applications which need static or 
simple data used in business areas with data represented in a table fonnat. For tllis 
reason, traditional RDBMSs have a drawback for not adequately serving certain 
applications. These include CAD/CAM, CASE, multimedia, and systems with very 
complex objects (Samsung HP 1993, Lee 1996, Kim 1994, Shin 1995, Kim 1994). 
There has been continual effort in developing PDM systems for several years. 
However, the PDM systems have t11e same problems of RDBMS. 

To overcome tllis problem, researchers (Kim1992, Chung 1994) proposed a data 
modeling based on an object-oriented approach. Even in STEP (STandard for the 
Exchange of Product model data), data models are represented by the object
oriented modeling language, EXPRESS (Yoo, 1995). With ODBMSs, it is easy to 
treat long transactions in CAD, versioning, tmstructured objects, and complex 
objects (McHenry, 1993). In addition, it is possible to represent semantic concepts 
such as generalization and aggregation and to handle engineering data which has a 
hierarchical structure of composite objects (Chung,l994 ). 

For these reasons, in this research we analyze product data from the viewpoint 
of "objects" and propose a data model for PDM systems using an object-oriented 
paradigm. In the model, classes of workspaces and vaults are taken into account for 
concurrent information sharing of documents such as drawings, parts. etc. In tlte 
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modeling of product structures, the concepts of phantom (or virtual) parts, optional 
parts, and substitutes are included. In addition, based on the analysis of the 
processes and data flows, state transition and data flow diagrams for drawings and 
parts are also proposed. As a modeling methodology, Rumbaugh's OMT (Object 
Modeling Teclmique) is used (Rumbaugh,I991). 

2. CONCURRENT ENGINEERING IN PDM 

For simultaneous processes of data, reviewer's opinions must be gatltered 
concurrently through the network. Figure 1 shows this concept (CIMLINK, 1991). 
A document is generated by the integration of drawings and parts data and this is 
sent in parallel to all members of a designated group simultaneously for the review 
or approval. They attach their comments to tlte drawings by redlining and markup 
or by electronic mail tlrrough tenninals. Reviewer's annotations are collected and 
combined with the original document for consideration by its creator. Through this 
process of review, annotation and feedback, CE-based engineering changes, 
approvals and notifications are carried out (Kim, 1996). 

dAta sources 

A~ 
AAA 
reviewed by virtual team 

Ill/ 
~ ro:=ll/ 
~~ 

E1J~ 
drawings with annotations 

PAR 2 
895 l 1 

~ 
dnwings 
-nmon 1 

lqol L~ ~. 
895 lU 

~ 
""\.d11tc dnwtngs 

PARTll 
500 107 

drawtn,s iiiliiiil.. 
- nrslon 2 '--CJP--==---

Figure 1. The concurrent engineering control for drawings (CIMLINK, 1991) 
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As shown in Figure 2, all data concerned with product development is managed 
through the processes of generation, change, release, and disposal based on the CE 
concept, and stored in an electronic vault or workspaces. In the workspaces, the 
data under progress by designers or other users is stored. In case the needs for data 
share occur after the completion of these processes, the data moves to the vault by 
a scenario of workflow (Lee, 1996). 

Virtual Team 

Figure 2. Data flow based on CE. 

3. OBJECT-ORIENTED MODELING FOR PDM 

3.1 Introduction 
Most of the object-oriented methods are based on object-oriented paradigms and 
approach world models from two related viewpoints: the static relation and the 
dynamic behavior. In Rumbaugh's object-modeling technique (OMT), three views 
of modeling systems are used: 1) object modeling, 2) dynamic modeling, and 3) 
functional modeling (Choi 1996, Rumbaugh 1991). 

The object modeling represents the structure of objects or classes in a system -
their identity, their relationships to other objects, their attributes, and their 
operations. These remain unchanged regardless of the time flow or sequencing of 
operations. Associations, generalization and inheritances, aggregations, etc. are 
included in the static relation. An association is a special case of inheritances and 
aggregations and describes a group of links with common structure and common 
semantics. In addition, although they are modeled as bi-directional they do not 
have to be implemented in both directions. They can be implemented as pointers if 
it is only traversed in a single direction. Generalization and inheritance are 
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powerful abstractions for sharing similarities among classes while preserving their 
differences. Inheritance means that a subclass inherits attributes and methods from 
one or more superclasses. In this concept, the subclass can have its own attributes 
and methods regardless of attributes and methods of its superclasses. Aggregation 
is the "part-whole" or "a-part-of' relationship in which objects representing the 
components of something are associated with an object representing the entire 
assembly (Taylor,l990). 

Dynamic modeling describes that aspect of a system concerned with time and 
the sequencing of operations - events that mark changes, sequences of events, 
states that define the context for events, and the organization of events and states. 
This model is represented graphically with state diagrams. Each state diagram 
shows the state and event sequence pennitted in a system for one class of objects. 

The functional modeling describes those aspects of a system concerned with 
transformations of values-functions, mappings, constraints, and functional 
dependencies. The functional model captures what a system does without regard 
for how or when it is done. It is represented with data flow diagrams. Data flow 
diagnuns show the dependencies between values and the computation of output 
values from input values and functions, without regard for when or if the functions 
are executed (Rumbaugh 1991, Choi 1995). 

3.2 Identification of Object Classes and Object Modeling 

For the construction of object models for PDM, objects and their classes have to be 
identified in advance and their relations defined such as associations, 
generalization and inheritance, aggregations, etc. In this stage, attributes and 
methods, which describe characteristics of the classes, may be included in static 
diagnuns. The PDM system proposed in this research consists of three modules, 
i.e., drawing data management, part data management, and product structure 
management modules. Object classes identified for these modules are summarized 
in Table 1. The association diagram among the classes is shown in Figure 3. 

Table 1. Objects identified in PDM 

Module Objects 
drawing data drawing, drawing history, edition history, check history, 
management approval history, disposal history, release history, version 
part data part, part information, GT -code, supplier, alternate, product, 
management assembly, component 
product structure product, BOM information, family information, phantom, 
management common module, option module, kit 
data share vault, vault location, workspace, work location, user, user's 
management role, authority 
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Figure 3. A class association diagram 

3.3 Object ModeHng for Drawing Data Management 

Documents concerned with a product design include drawings, specifications, 
instructions, standards. 3D models, teclmical documents, etc. Each document can 
have common attributes of document number, author, written date, etc. Figure 4 
represents the relations of generalization and inheritance by generating a superclass 
named "document" and inheriting its attributes to subclasses named "Drawing", 
"Standard'', "Instruction", and "Spec.". A new document class can be created by 
inheritance of attributes of its abstract class and addition of its own attributes. 
Figure 4 also shows the object model of the drawing data management module. A 
drawing generates history data of edition, check, approval, release, disposal, 
version, etc. through the workflow and life cycle period of time. These history 
classes create an abstract class of "Drawing_his" and keep the relation of 
generaHzation. On the other hand, the drawing history class becomes a composite 
object of the drawing class, "Drawing", and history classes under the drawing 
histocy class become component objects. This represents an aggregation which 
have the relation of"a_part_of'. When such document objects related to a drawing 
are treated as composite objects, corresponding data can be kept consistently by 
class dependency. 
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Figure 4. The object model for drawing data management 

3.4 Object Modeling for Part Data Management 

An object model for the part data management is shown in Figure 5. In the figure, 
classes "Assembly" and "Component" have common attributes of part number, 
part name, parent part munber, GT code, etc., and common metltods of creation, 
revision, query, deletion, print, etc. These two classes can be generalized by 
creating an abstract class llallled "Part". In tllis object model, "Component" implies 
objects which consist of raw materials and unit parts and "Assembly" objects 
which consist of component parts and subassemblies. The class "Alternate" means 
alternate parts replaced when standard parts can not be used and have attributes of 
effective date and effective quantity for alternate control. In addition, classes of 
"Supplier", "Alternate", "GT-code", and "Drawing" are dependent on tlle part 
information class "Part_Info" and construct a relation of aggregation. Here, "Part
Info" becomes a dependent object of tlle class "Part". 



40 

Phantom ~ ., ...... , .... ;... ,..... 
User v BOM_Irto Product ""' "1$-PIJtT.(JF'" -........ "IS.PNU.O#" 

ph•ntom_k:l ..... o 
ph1nlom_n~~me 

folnlly_~~amo pr~ld --o 
possword 

~ utef'_name 
dHcripllon 

pr __ nomo 

E·Mol_od<hu 

<>- prodaJLolzo 
lmplor ..P'-•· rnodol_no Login E.xplor_P'OC:HS model_n..,. 
Dltpioy Check_autOfity 

~ ~'IS.A' 1S.PART .oF' 

I I 6 
Corrvnon_rnodule I I K~ Opt_module Role Authority 

1 <>t.o selecled_kil ( 1•0eslger, rclo 
2-0\edcer, d-1'4>!1on Rood 

6 Olsploy_kil 3-Aj>provor 

I 
Modlfy 

4=U .. r) Oelolo -· Part ~PART.OF' 
Creete 
Cllecll·ln/Oul 
locii/Unlodo 

poronl_porl_lcl .... 
porenl_p-"om' 

~ 
.;.. IS-PART .OF ' I Cfnle po~_ld ?art_lnfo Drawing '--<: poot_namo . ...... EdM 

reiAolcn Do hole 
Clbjecl_ ....... 

<;. nLS.PART.OF' 

Cllecll-ln/Oul 

Cll>jed_llotus 

odd_r.Mslcn 

l slnldi.Wo_cllodl 

1·15-A' I Anemate 

6 ! GT..code 

Supplier ol_pll\..ld 
po~--· l Component I ol_pll\..nomo Asserrbly 

suppWor_ld aft'ectM:e_drate 
gl_.-

s.uppUet _neme tft'.ctiv._nun'OIIt lllnbulo_A 

nsy_type s_pon_ld ollrlbute_B 

ole. S_J)IIrt_name Alhemale ole. 

Figure 5. The object model for part data management 

3.5 Object Modeling for BOM 

Under the environment where a variety of options for a product exists, BOM data 
must be managed in terms of options. For this reason, in this research, the product 
structure is modeled based on the concept of family BOM. Family BOM is a data 
structure where products of similar characteristics are grouped into family and the 
product structures of the family are represented by modularized common and 
optional parts. In this method, common and optional parts have their own product 
structures and a BOM is generated by the selection of the common and optional 
parts. 

In the object model proposed in Figure 5, a BOM is created with classes of 
"Common_ module", "Option_ module", and "Kit". Above these three classes is the 
superclass "Phantom" which means a virtual part Virtual parts are not included in 
the parts list for manufacturing or assembly, but used as group names of common, 
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optional, and kit parts for the convenience of design or planning. Common 
modules, the one which classify parts commonly used in a product group, consist 
of assembly parts and component parts. Kits, i.e., virtual parts which represent 
optional specifications, also consist of assembly parts and component parts. 
Optional modules are the kits classified by grouping optional specifications within 
a product group. 

3.6 Object Modeling for Data Share 

As shown in Figures 2 and 6, in order for users to create, change, review, and 
approve objects concerned with a product such as drawings, parts, documents, etc., 
these objects have to be transferred from workspaces where data is not slmred to 
vaults where data is shared. This function is called "check-in" and reverse the 
function, which gets data from the vaults is called "check-out". Document 
information consists of meta data which includes location or index data, and 
corresponding documents such as CAD files, image files, text files, audio data, 
video data, etc. These two types of data must be stored separately in vaults or 
workspaces. Figure 7 represents the object model for the whole system including 
the object model for data share. 
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Figure 6. The object model for data share 
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Figure 7. Object model for PDM 

3. 7 Dynamic Modeling for Drawings 

Dynamic modeling is to define object states which change according to activities 
of the object, and to analyze the object life-cycle on how state transition flows 
precede as time goes by or events break out. 

These flows are closely related to the workflow, a set of activities performed by 
specific events of parts, drawings, documents, etc. As an example, a state transition 
diagram for drawings is shown in Figure 8. The drawings can be divided into four 
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states of on-progress. approval, release, and disposal. The on-progress state is 
again divided into sub-states of create, check, and edit. A designer creates a new 
dmwing and requests a review to review groups. The reviewers attach their 
annotations to the drawing. By this time, the drawing keeps the state of on
progress. When an approval is requested, the state of the drawing changes to 
approval and the decision maker detennines approval or rejection. If it is rejected 
the state of the drawing again changes to on-progress. The printing and release of 
the drawing is followed by the decision maker's release approval. When he or she 
determines a disposal, the state changes to disposal. 

On-progress 

start 
~ 
Hloolpllt 

complete disposal 

Figure 8. The state transition diagram for drawings 

3.8 Functional Modeling for Drawings and Parts 

roquoot drwwing ohongo 

create opprovol hlstooy 

The functional model consists of multiple data flow diagrams which specify the 
meaning of operations and constraints. A data flow diagram (DFD) shows the 
functional relationships of the values computed by the system, including input 
values, output values, and internal data stores. The DFD usually contains processes 
that transform data, data flows that move data, actor objects that produce and 
consume data, and data store objects that store data passively. The DFDs for 
drawings and parts are shown in Figures 9 and 10, respectively. In the DFD for 
drawings. processes for drawings only are included. However, in the DFD for 
parts, processes for parts, BOM, and GT -codes are all represented. 
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Figure 9. The data flow diagram for drawings 
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Figure 10. The data flow diagram for parts 
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4. CONCLUSION AND FUTURE RESERCH 

In this research, we have analyzed elements of PDM from the viewpoint of objects 
and proposed object-oriented models for PDM systems using Rumbaugh's Object
Modeling Technique (OMT). In the object model for the data share, classes of 
vaults and workspaces for drawings, parts, documents, etc. have been taken into 
account. In the object model for the product structure, the concept of a family 
BOM has been reflected with virtual parts (phantom), options, altemates, etc. In 
addition, through the analysis of work and data flows for drawings and parts, state 
transition and data flow diagrams have been proposed. Through the further study 
for workflow and configuration management modules, we plan to develop an 
object-oriented prototype for PDM systems. 

Acknowledgment: This work was developed with a grant from Korea Research 
Foundation(O 1-E-0717). 
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Abstract 
The initial stage of design needs CAD software for direct numerical and virtual 
definition, or requires a man-made model for direct experimental validation on a 
3D physical model (ergonomics, aesthetics). After this validation phase the 
physical model is digitized and a numerical model is obtained from point clouds 
using sensors and special reverse engineering software. Most often, these two 
complementaiy techniques (CAD and scanning) are both used for the design of the 
complete object. After the complete definition of a nwuerical model the next step 
is the manufacturing of functional prototypes, whose characteristics are very close 
to those of the final industrial product (material, color, manufacturing process,). 
This demands the obtention of temporacy tools (molds) which are used for small 
batch production (five to twenty parts), and the production of parts using layer 
manufacturing machines which are integrated as lost models during processes like 
investment casting. These different stages, from the idea to the functional 
prototypes, highlight the necessity of data integration, not only for part models and 
simulation results, but also for intermediate parts and tools definition. The final 
numerical reference model has to be coherent with the different intermediate 
numerical models (point clouds, STL files, tool models, etc.). In order to assume 
such objectives, we propose some first basic elements of a representation model for 
prototypes and temporacy tools. This aspect corresponds to different tasks of the 
IMS-RPD project. The parametric aspect is discussed and its interest is shown for 
families of parts (tiles, jewels, etc.). The different links and types of elements of 
the models are proposed and illustrated by an industrial example. 

Keywords 
Rapid product development, data integration, rapid prototyping, reverse 
engineering 

Computer Applicalioos in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
C I WI IFIP. Published by Olapman & Hall 



48 

1 INTRODUCTION 

One of the main factors in achieving primacy in a continuously changing market is 
the ability to rapidly introduce new products. 
The time is past when it was enough to have the best product at the lowest cost and 
with the best quality/price ratio. If an industrial firm is to satisfy the requirements 
of its customers and overcome the competition, it must be able to control delivery 
times (increasingly short), quality (increasingly high) and costs (increasingly low). 
Mastering these three aspects with their apparently contmdictory constmints 
involves introducing approaches of the "concurrent engineering" type. One of the 
advantages of this kind of approach is that several design alternatives can be tested 
and simulated within an acceptable time. 
Against this background, where the processes of designing and industrializing a 
new product take place in parallel, the use of physical models to validate an overall 
product design or an industrialization process takes on increased importance. The 
virtual model used in CAD is no longer enougl1 and most often does not permit 
complete or adequate evaluation. As far as certain products are concerned, there is 
no substitute for the ability to touch, manipulate, validate or operate a prototype 
(design or feasibility model). 
It is possible today, by additional treatment of physical models produced through a 
rapid prototyping process, to go furtl1er, indeed to design the process for producing 
standard parts (models or intermediate parts t11at can be used in industrialization 
such as EDM electrodes or mold cavities). 
Rapid prototyping (Binstock, 1994) (Bernard, 1995) makes it possible to directly 
create the physical model from the digital CAD model within twenty-four hours, or 
at the most a few days. The economic advantage is obvious. Moreover, rapid 
prototyping provides guidance for design choices (modification, alternatives. etc.) 
by making a model available much earlier in the project planning stage. 
After a short description of rapid prototyping ways and means, we propose some 
parametric models and present some methodological results on mechanical and 
jewelry applications. 

2 RAPID PROTOTYPING: WAYS AND MEANS 

The aim of rapid prototyping is to produce a physical model in record time, at the 
least possible cost and using a minimtml of tooling. With this method it is possible 
at any time, to try out different alternatives in parallel with a view to choosing the 
best, to validate the chosen approaches as quickly as possible to minimize the 
number of iterations, to acquire physical and experimental data as a basis for 
moving the project forward and to have a concrete basis for discussion for the 
concurrent engineering project teams. 
During the past years rapid prototyping has been used mainly to produce form 
prototypes (needed for validating shapes and as a basis for communication 
(aesthetic design, part geometry, mechanical design, etc.), functional prototypes (in 
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a material close to the real product, any type of process, needed for validating the 
required functions and assemblies) and industrialization prototypes (needed for 
validating and determining the feasibility of the production processes, in the real 
material (or similar) and process similar to the final one). 
Rapid prototyping means are well known as teclmiques based on layer-by-layer 
manufacturing in order to produce any shape without tooling.The main layer-by
layer processes available in industry account for over 2100 installations around the 
world including about 80 in France (mainly 3D Systems, EOS, Helisys, Stratasys, 
DTM. Cubital, Sanders, BPM, Soligen and Stratoconception processes). We shall 
not go into the detail of each process here since these were covered in many 
publications (AFPR, 1996). 

The essential need in the field of rapid prototyping is always a numerical definition 
of parts, from CAD modeling or reverse engineering. Tltis approach applies to 
digitizing and duplicating single objects produced by hand, to comparing and 
tracing modifications made to a physical model, to designing, developing and 
producing tooling, to duplicating or even generating a range of parts directly from 
the file of points (STL file, CLFile), and to following up all the iterations in the 
design cycle. 
Some CAD software packages now offer modules for dealing with point clouds to 
assist the draughtsman in creating surfaces (Bernard, 1997). 

Rapid prototyping also includes post-treatments (for plastic and metallic parts) 
(Yeung, 1996).Plastic parts can be obtained either directly on layer manufacturing 
machines (stereolithography, SLS, BPM, FDM), or using vacuum casting in 
silicone rubber molds, or tlrrough the use of metallized prototype molds which are 
used for the injection of a small batch production. Metallization processes can also 
be used for EDM electrodes obtention.Prototype metallic parts are mainly 
produced or raw formed by foundry (Shell, block, and sand casting) or by rapid 
prototyping processes.One can notice the ability of direct manufacturing of 
Croning type cores, using SLS process (EOSSint, 1996). 
Globally, the development of such processes illustrates the industrial demand for 
rapid tooling. The ability of rapid tool manufacturing implies particular functions 
and models wltich have to be generated and managed, when taking into account the 
specific teclmological rules of each technology and the capability to interact 
between parts and tools (PROD, 1997) 

3 PARAMETRIC MODELLING IN RAPID PRODUCT 
DEVELOPMENT 

As shown before, the development of a mechanical object widely uses CAD, 
reverse engineering and rapid tooling techniques. The first example below 
illustrates tlte interactivity between the different data models, point clouds, 
reference models, parametric models, etc. (Dionigi, 1996). 
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The objective of this work was to define a parametric model of a tile and to 
undertake the acquisition of points belonging to its basic shapes (Figure 1) to 
modify some kinds of tiles and to compare them to a reference model in order to 
avoid a drift of geometry at one time. It is indispensable to have CAD models of all 
kinds of produced tiles, and to decrease the stocking of pattern models. 
Positive results were obtained on both the modeling and the methodology level. A 
complementary constraint concerned the imposed CAD platform. Pro/Engineer 
(PTC _PE. 1996). 
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Figure 1 Schema of a roofing tile 

3.1 Functional parametric approach 
Research work related to a functional approach of object modeling are mainly 
relative to kinematic connections (Rieu et al., 1994) and mechanical components 
(Chambolle, 1995). 
In our approach, we do not design a part from its external forms, but re-build it 
from its trade-parameters. 
The tile is a complex technical object related to a particular context both in 
elaboration and in utilization. The norms about tiles are solely relative to the 
process of tile manufacturing; we cannot use them for tile definition. So, it was 
indispensable to work with professionals of this trade in order to analyze with them 
the functional forms and constraints. 
Fortunately, the part is well known and it can be modeled from its trade
parameters. The expertise gives us the functional surface decomposition. 
The first question for parametric model elaboration is the choice of parameters, 
which means defining tile surfaces and constraints between the surfaces. 
In the following paragraphs, each step of our approach to obtain the parametric 
design model and process of tile is explained in detail. 
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Research of parameters 
We applied a functional analysis in order to detennine forms of tiles and their 
constmints as the consequence of functional product needs. 
We are not going to stress on the methodology used and the same is available in 
(Dionigi, 1996). The relationships of the tile had to be defined together with its 
external context, its functions, and the intemctions between functions and the 
constmint sub-functions they imply. The consequence of these functions and sub
functions is the definition of functional constmints of forms constituting the tile. 
For example, in addition to classic functions of inclemency and aggression 
protection, tiles have to be piled up in order to allow their transportation and their 
manipulation. One understands the interest to constmin the definition of some 
external and internal forms. So, applying this analysis on our functional surface 
decomposition, we are able to determine all the constmints for each functional 
surface (complementaiy forms, distances, etc.). 
Thus, in order to reach our aim of determining the tile pammeters, we had to define 
for every functional surface, the pammeters needed to create it. and the constraints 
it has to respect. Then, we are able to propose a functional generic parametric 
model of the tile. 

Functional parametric model 
The proposed model is based on an object-oriented representation. 
Each functional form of the tile is described by: 
• its name as identifier (eg. : cornet) 
• its physical description (eg.: rounded shape constituting a major element of the 

morphology of the tile) 
• its site on the tile, in reference to a predefined orientation of the tile (ex : right 

part of the tile) 
• its functions (eg. : piping of water; recovery right/left; recovery over/under; 

borizontality of piling) 
• a parametric construction with dimensions accessible or allowable from the 

external forms of the tile (in fact, accessible by digitizing) 
• a design process, here in the environment of Pro/Engineer (eg. : definition of 

plan profiles and construction of the geneml form of the cornet by the function 
"smooth protrusion" with respect to limit constmints) 

• its relationships with the other functional forms like constraints of form, 
dimensions, etc. (e.g., condition of compatibility between external and internal 
profiles for piling; condition of connection with the plateau; limitation along 
length direction). In geneml manner, these relationships show trade as well as 
the next following constraints : identical to; extremity of; parallel to; defined 
by; pasting to; confuse with. 

Complementary relationships, that we have called "option of forms", were 
introduced at the global level of the tile model (cornet more longer than the 
plateau, tile squared, etc.). The update of the libmry of global options allows for 
the integration of new tile models. 
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Implementation of the model 
The model was implemented under Pro/Engineer. The design process is directly 
dependent on parametric possibilities and functions of creation of available forms 
under Pro/Engineer. Especially, basic forms (cornet, plateau) are most often built 
using a protrusion function, and filets and tenons are constructed by the 
deformation of basic forms. 
The user can choose and modify each parameter, directly on the screen with the 
mouse or using the software interface that makes elementary parameters and 
relationship tables (external and internal parameters) accessible. 
Thus, from the basic model and from the specification of the "option of fonns" , the 
designer has directly a model that will be completed and finished according to final 
specifications and additional local details. This last phase is essentially relative to 
the fine definition of internal fonns that, in case they exist, are specific to each 
model. 
In the environment of Pro/Engineer one can undertake a rapid simulation of 
jointing (installation on roofing) and of piling (stocking). One can thus pilot some 
global dimensions by a constraint of the number of tiles to the squared meter. 
In conclusion, we propose a parametric CAD model and apply it to a roofing tile. 
First we undertake a functional approach of the tile and build a parametric model 
of the tile, sufficiently generic for defining a great number of its forms solely from 
functional specifications (dimensions, relationships, sections, etc.), the general 
topology being automatically managed by Pro/Engineer. 
Finally, the parametric model allows us to produce different prototypes of tiles, 
using stereolithography, and different prototypes of dies for tile forming using 
three axis NC machines. 
The introduction of parametric data can be undertaken by the user directly on the 
CAD workstation, or via Pro/ScanTools module (PTC _PST, 1996), by digitizing of 
fonns on the physical model (Figure 2). 

{functional model) 

PrcrEngin4er cnvironm4nl 

Figure 2 Two ways for parametric model definition 
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3.2 Integration of digitizing entry in the design phase 

The introduction of parametric data is undertaken by the user directly on CAD 
workstation, or via the Pro/ScanTools module, by the digitizing of parametric 
curvilinear elements on the physical model. The main difficulty is to determinate 
these curves from the point clouds obtained by digitizing. For the scanning, we 
have used a line laser sensor (KrOOn, 1996) on CREA1E platform (CREA1E, 
1993) (European Rapid prototyping Center for Assistance, Transfer and 
Experiments. 
The different steps of reverse engineering process are described on Figure 3. 

[ CA~n>etric J 

Figure 3 Different steps of reverse engineering integration for tile 

One of the main problems was to fit the reference systems of the physical part with 
those of Pro/Engineer. Then, we were able to introduce scanned parametric 
curvilinear elements into the generic parametric model of tile. 

4 INTEREST OF PARAMETRIC MODELLING FOR JEWEL 
DESIGN 
More generally, today the field of artistic creation is directly concerned by the 
evolution of the design methods and rapid manufacture of new objects. Many 
artists and creators use computers to program geometrical forms referring to 
complex combination criteria and generation (Becker, 1995) (Lavigne, 1995). If 
the shading of results is easily available, the unique solution for the manufacturing 
of volumic objects is layer-manufacturing. 
Concerned by the creation of aesthetic and artistic objects, several companies that 
create jewels have requested case studies for digitizing, layer-manufacturing of 
prototypes and validation in the foundry (Suret, 1996). 
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In the following paragraphs we are going to present several examples that, 
completely or partly, have been realized by the CREATE platfonn during the last 
years. 

4.1 Creation of normalized finger diameter rings from a unique 
master 
In this study the goal is to decline all nonnalized finger diameter rings from a 
master created in the traditional manner by the jewel designer from the view of its 
manufacture in a gold foundry. 
After an analysis of the shapes (identical motives connected by round blendings of 
imposed value), we operated the 30 scanning of the master on a Surveyor LD 500 
integrated digitizing environment by using a laser point sensor (Laser Design, 
1995). As the acquisition of a motive cannot be undertaken in one position, a 
setting was realized. First we accessed in polar to external fonns, thanks to the 
fourth axis of the Surveyor, then, we recaptured in cartesian scruuling the lateral 
forms rejoining the interior of the two sides. Then it was necessary to adjust the 
three point clouds with respect one another. In order to do that, the elements of 
reference (cylinders and planes) were machined on the used setting and scrumed at 
the same time as the fonns of tlte master for each position of tlte setting on tlte 
digitizing machine. 
Then one identified the parruneters of repositioning (rotations and translations) 
from the elements of reference and one applied them to the complete point clouds. 
Then it was classically necessary to filter noises coming from the machine of 
acquisition and to preserve only significant points for the extemal surface 
construction of the ring in the CAD environment. In tlte present case tlte next phase 
was undertaken on the Strim-RDS module (Strim-RDS, 1996). 
The first step was to construct elementary surfaces of the ring from the point 
clouds, while already tltinking of tlte future declination corresponding to 
nonnalized diameters of fingers. Indeed, tlte designer required tltat the widtlt not 
vary in tlte same manner as tlte two other dimensions, whlle being able to preserve 
the same number of motives and tlte sruue weight of tlte jewel. 
Parting from the surfaces of tlte extemal fonn one detennined tl10se tltat will limit 
the material thickness. Thanks to this thickness parameter, one could postpone tlte 
variation of the mass of the ring until the moment of tile creation of tile offset fonn 
constituting tlte interior. The global difficulty was to integrate tlte totality of 
constraints fixed by the designer to tlte chosen final solution. 
The complexity of tllis phase of construction of the complete surface model of a 
ring depends ntainly on the judicious choice of the parametric decomposition used 
and the methodology used with Strim-RDS tool. 
It is difficult for tile designer to appreciate the numerical result displayed on tlte 
screen of tlte workstation. we validated using a stereolitltography manufacturing in 
order to have an object to compare to tlte basic master. Some modifications were 
necessary on the CAD model, essentially on tlte curve of the motive constituting 
the periphery of the ring. 
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After validating the created numerical representation made 011 a new part in 
stereolithogmphy, the phase of diameter declination of fingers was oodertaken. At 
this level the pertinence of the choice of the initial topology of surfaces and the 
methodology of construction of the first model had considerably facilitated the 
work. 
After the construction of the ten models, STL files were created via the 
corresponding interface and prototypes manufactured in stereolithography on the 
SLA250 3D Systems machine of the CREATE. 
These prototypes were then exploited during the final foundry phase, to create 
industrial tools necessazy for the gold foundry. 
The whole process brought about a gain in terms of cost and time (about 40%) 
compared to traditional methods used ootil then, despite the prospective character 
of this study. 

4.2 Towards an efficient declination of a ran&e of jewels in the field of 
fi&urines 
The problem of family declination of jewels concerns basic composite figurines 
that are either porters of stones or inserted on rings with known diameters and 
thickness. In this case, one undertakes the scanning of a master corresponding to a 
particular model (stone diameter or characteristics of a well-known ring) and in 
most of the cases one can apply a direct homothety to the scanned model. 
Subsequently, the ttansition to a CAD surface model is not indispensable. Indeed, 
we have a direct interface for STL format from point clouds. 
In the future, the declination of a line of jewels based 011 figurines (celebrities, 
animals, objects, etc.) is oriented to a parametric definition of a CAD model 
reconstructed from point clouds. In order to do that, one works 011 a functional 
analysis of forms, with the placement in obviousness of definition parameters 
intrinsic offorms, variables of positioning and laws governing tl1e global topology 
of the family of jewels that has to be elaborated. 
One can thus construct a library of objects of parametric parameters, offering t11e 
possibility to preserve the coherence of the model in the case where, for example, 
the position of an arm, a leg, t11e chest or that of the head changes. 
The main difficulty of this approach comes from the appropriate defmition of the 
parameters for the reconstruction of the models. 
This parametric way is explored in parallel of works relative to the automatic line 
determination characteristic of clouds of scanned points, in order to be able to 
make the quasi-automatic definition of a division of constructed surfaces, and the 
parameter definition. 

5 CONCLUSION 
Rapid prototyping is a set of tools for computer aided design and industrialization 
of a new product Nowadays, it is widely used for the concurrent engineering 
approach.In this paper, we have exposed applications in the field of product 
integrated design. 
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A functional parnmetric model was presented using ftmctional analysis of a 
technical object (tile). This model, exploited in the environment of Pro/Engineer, is 
a real aided-design system for tile definition for the designer, also using the reverse 
engineering "closing loop" through the acquisition of significant elements by 3D 
scanning of a physical part. The model remains open and can be personalized 
thanks to an object structure, relationships between internal pammeters 
(dimensions) and external ones, and constraints offorms. 
We also presented applications of pammetric modeling for jewel design. The re
engineering and the evolution of models are greatly favored, due to the fact that the 
parametric model and conditions of existence of each form. 
The rapid product development implies the installation of relevant and coherent 
data sttuctures, directly driven from some relevant functional pammeters. 
Some particular efforts on global data modeling and integration of all the described 
functions are ongoing today, mainly based on the STEP Standard (Mony, 1996) 
(IMS-RPD, 1997). 
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Abstract 
Recent advances in computers and networking technologies and a fast-growing 
internet commtmity created inullense distributed data bases located miles away 
and having a capability to be updated continuously without the knowledge of the 
possible and prospective users. The ability to collect and store all kinds of data 
have outpaced the capabilities of individuals to analyze, swnmarize, and extract 
"knowledge" from them. Traditional methods of data analysis, based mainly on the 
analysts dealing directly with the data, is no longer the best alternative to be used. 
Although the database teclmology provided the basic tools for efficient storage and 
lookup for large data sets, the issues of how to enable engineers to understand large 
bodies of data remains a difficult problem. Recently, data mining approaches based 
on artificial neural networks, fuzzy logic, machine learning, statistics, expert 
systems, and data visualization are creating new intelligent tools for automated 
data mining and knowledge discovery. 

All these changes will have a profound impact on current practices used in 
manufacturing. The way bills of materials are created, products designed and 
process plans generated will be definitely different witl1 t11e availability of this new 
technology. In tllis paper the nature of t11ese changes and tl1eir implication on 
current practices will be discussed in reference to an intelligent data mining system 
being developed in the smart engineering system design laboratory. 
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© 19971FIP. Published by Chapman & Hall 



Impacts of data mining technology 59 

I INTRODUCTION 

The advances of computer and networking teclmologies and fast-growing Internet 
community have brought a data glut problem to the world of science, business and 
government The capabilities for collecting and storing data of all kinds have far 
outpaced the abilities to analyze, summarize, and extract "knowledge" from this 
data. The Manufacturing sector is not immune to this change. 

Traditional methods of data analysis, based mainly on the individual dealing 
directly with the data are becoming obsolete. While database teclmology has 
provided us with the basic tools for the efficient storage and lookup of large data 
sets, the issue of how to help humans understand and analyze large bodies of data 
remains a difficult and unsolved problem. To deal with the problem, a new 
generation of intelligent tools for automated data mining and knowledge discovery 
is needed. This need has been recognized by researchers in different areas, 
including machine learning, statistics, intelligent databases, neural networks, fuzzy 
systems, expert systems, and data visualization. In this paper the impact of tltese 
new teclmologies on manufacturing practices, namely, product design and process 
planning is discussed. 

The Internet is basically a network of networks. It currently c01mects millions of 
networks to allow users to globally share information and computer resources. 
With the existence of the Internet, an user can share virtually anything that can be 
stored in a file. Internet communication is possible among networks on different 
platforms and in different environments. This capability of exchanging data 
dynamically is in part due to tlte development of communication protocols. 
Protocols are agreed-upon standards for exchanging data, and enable computing 
devices to communicate among various networks. 

The Transmission Control Protocol and the Internet Protocol (TCPIIP) were 
developed in the 1960s to provide a communication link, even if some of the 
connecting links between tlte devices were to fail. In 1969, tlte Department of 
Defense began using ARPANET, tlte first network based on tlte protocol 
teclmology. ARPANET initially c01mected four supercomputers. In tlte 1970s, 
educational and research institutions began to cormect to ARPANET to create a 
community of networks. In tlte late 1970s, TCPIIP became tlte official protocol to 
use on the Internet During tlte 1980s, tlte U.S. National Science Foundation 
replaced ARPANET with a high-speed network. This is the network tltat now 
serves as the backbone for tlle Internet today. When ARPANET was first IISed in 
1969, it consisted of only 213 registered hosts. By 1986, tltere were over 2300 host 
computers. In the early 1990s, tlle U.S. National Science Foundation transferred 
the maintenance and funding of tlle Internet to private fmmdations and 
corporations. Today, the Internet has several million host computers worldwide. 
The development of oilier protocols and otlter technologies, such as tlte World 
Wide Web, has contributed to tllis growtl1. 

The World Wide Web (WWW) is a distributed hypennedia system for 
information discovery, retrieval, and collaboration. It was created by scientists at 
CERN who wanted to share and gain access to research infonnation tlrrough a 
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common interface. By using a common interface, researchers no longer had to 
perfonn the many steps necessary to gain access to the different available Internet 
services. More and more people who use the Internet have seen the value of using 
a common interface (i.e. web browser). In just three years since it was introduced, 
the Web has grown to include users from all ages and vocations. It has proven its 
usefulness for browsing large, distributed document structures. However, as the 
amount of information available through the World Wide Web increases, it 
becomes more and more important to provide additional tools and teclmiques for 
finding servers of documents which contain relevant information on one's special 
interest. The main difference between a hypertext network and conventional linear 
text is that in a hypertext system, navigation is up to the user. The HyperText 
Transfer Protocol [I] is used by web seJVers to communicate with each other and a 
variety of client applications, such as, FTP, Gopher, and W AIS. [2,3]. 

Manufacturing systems of the twenty-first century need to be able to use tllis 
dynamic distributed data base environment, and change their product design and 
process planning practices in time. Hence, there is a need to design "smart" 
systems for this purpose that can interact with their environment, namely, 
continuously changing distributed manufacturing information base residing on t11e 
interconnected computers of the world and adapt to tlte changes in time and space 
by their ability to manipulate tl1e environment through self-awareness and 
perceived models of the world based on both quantitative and qualitative 
infonnation. This need will integrated base ftmctions of manufacturing, product 
design, process planning and control even furtl1er to be able to respond to global 
customer's changing requirements. The emerging technologies of artificial neural 
networks, fuzzy logic, evolutionary programming and data mining will provide 
essential tools for designing these smart manufacturing systems. In tlte following 
section a brief description of t11ese teclmologies is given. 

2 EMERGING TECHNOLOGIES 

1.1 Neural Networks 

Neural Network models have been studied and used extensively in the last decade 
in order to achieve human-like intelligence. The earlier works by McCulloch and 
Pitts [4], Hebb [5], Rosenblatt (6], and Widrow (7] as well as tlte more recent 
works by Feldman [8], Grossberg (9], Hopfield (10, 11, 12], Rumellmrt and 
McClelland (13), Sjnowski (14], and others (15- 20] have brought tile world many 
useful applications. Typical applications include: classification, decision making, 
financial analysis, medical diagnostics, optimization, pattern recognition, process 
control, robotics and automation, signal processing, and targeted marketing, time 
series prediction. 

Artificial Neural Networks are tile mathematical models, which represent the 
biological process of the human brain. In an Artificial Neural Network, tllere are 
three main components: neurons, interconnections, and learning rules. 
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Neurons 
The neuron is a simple device which approximates the function of the fundamental 
unit of the biological nervous systems. It receives and processes signals from either 
other neurons or the outside environment. then continually passes its output to the 
next level neurons. Each neuron can receive many input signals simultaneously, 
but there is only one output signal which depends on the input signals, weights of 
connections, threshold, and the activation function. 

Neurons can be classified into three types based on their inputs and outputs: 
input. output and hidden neurons. Input neurons are the ones that actually receive 
input from the environment. Output neurons are those that send the signals out of 
the system, and neurons, which have inputs and outputs within the system, are 
called hidden neurons. 

The purpose for including the activation function in the neuron is to confme the 
neuron's output to a pre-specified range. 

Interconnections 
The interconnection is a part of the network architecture, which propagates signals 
in a single direction from one neuron to the others, or even to itself. There is a 
weight value assigned to each connection. 

There are three different kinds of connections that link neurons in a network. 
• Intrafield connections: Connect neuron in the same layer. 
• Interfield connections: Connect neuron in different layers. 
• Recurrent connections: Connect neuron to its self. 

Learning Rules 
Learning in an artificial network is considered to as a change in the weight matrix. 
It can be categorized into two groups: supervised and unsupervised learning. 

Supervised learning uses the data set that contains input vectors and 
corresponding output vectors to train the network. The weight matrix of the 
network is updated as long as the total network error is greater than s (acceptable 
range of error). Such updating teclmiques as error-correction learning, 
reinforcement learning and stochastic learning are always included in this type of 
learning. E"or-co"ection learning adjusts the whole weight matrix in proportion 
to the difference between the desired and the actual values of the output neuron. 
Reinforcement learning is a teclmique in which weights are reinforced for properly 
performed actions and punished for inappropriate ones. Stochastic learning makes 
a random change in the weight matrix then determines resultant energy of the 
network. If the resultant energy is lower than the previous one, the change is 
accepted, otherwise the change is considered under a pre-chosen probability 
distribution. 

Unsupervised learning does not incorporate external teacher. It relies only on 
local information and internal control. 
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2.2 Fuzzy Logic 

Multivalued logic was first introduced in the 1920s and 1930s as a result of logical 
paradoxes. In 1965, Lofti Zadeh [21] published the paper "Fuzzy Sets" which 
formally developed multivalued set theory. This was thought of as the first time 
that the term "fuzzy" was introduced into the technical literature, and which 
inaugurated a second wave of interest in multivalued logic system. The recent new 
theory and application in fuzzy logic led to the current third wave of interest in 
fuzzy systems. Fuzziness measures the degree that an event may occur or the 
degree that an entity may be classified as something. Fuzzy logic systems permit 
variables to belong to more than one set of class. [22]. The fuzzy set concept used 
in intelligent data mining system described in this paper was introduced by Zadeh 
[21, 23] and summarized by Kosko [24]. 

2.3 Data Mining 

Data mining (also known as Knowledge Discovery in Databases- KDD) has been 
defined as "The nontrivial extraction of implicit. previously unknown, and 
potentially useful infonnation from data" [25]. It uses machine learning, statistical 
and visualization techniques to discovery and present knowledge in a form which 
is easily comprehensible to humans. There might be valuable infonnation in your 
data, but you simply cannot see it. It could not be as profound as a new law of 
nature. But no human who has looked at your data has seen this hidden infonnation 
which might be important. How can people find it? Data mining lets the power of 
computers do the work of sifting through the vast data stores. 

In recent years, data mining has attracted the interest of many researchers due to 
its importance of finding knowledge in growing size of databases [26-36]. Data 
mining deploys a variety of algorithms. Generally, the more algorithms in use, the 
higher the likelihood of accurate results. There are no certain rules and tools. As a 
result, current data mining researchers are fielding architectures that combine these 
techniques: neural networks, induction, association, fuzzy logic, statistical, and 
visualization. 

Gerber [37] summarized the commonly used approaches into the following four 
categories: 

• Predictive modeling: In OLAP (On-Line Analytical Processing), it uses 
deductive reasoning; in data mining, it uses inductive reasoning. Predictive 
modeling can be implemented in a variety of ways, including neural 
networks or induction algoritluns. 

• Database segmentation: The automatic partitioning of a database into 
clusters. It generally uses statistical clustering in its implementation. 

• Link analysis: Identifying collllections between records, based on 
association discovery and sequence discovery. 
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• Deviation detection: The detection of an explanation for why records cannot 
be put into segments. This can be implemented via different kinds of 
statistics. 

Generally, data-mining process includes the following sub-tasks: 
• Preprocess data: It includes the data collection, data cleaning, and data 

storing. 
• Search for patterns: This is usually the most crucial part of the data-mining 

process. A number of tools are being used for this purpose such as queries, 
rules, neural networks, machine learning, and statistics. 

• Analyst reviews output: The output of the previous sub-task is investigated 
here to decide whether to report the findings or to perform a revised pattern 
search. 

• Report findings: The findings will be further interpreted and response 
accordingly. 

All of these new technologies are incorporated into the intelligent data mining 
system that is under development. 

3 IMPACTS ON MANUFACTURING PRACTICES 

Availability of adaptive data mining system can have profound impact on product 
design and process planning. These can be summarized briefly as described in the 
following paragraphs 

3.1 Impact on Product Design 
Engineering design is essentially the process of converting the desires and needs of 
the customer into detailed specifications for a useable end product. It is a highly 
knowledge intensive and time-consuming activity which requires a great many 
decisions and judgments on the part of the human designer. It is also an imprecise 
art, since each designer differs in background. experience, preferences, and formal 
training. The more knowledge and experience the designers have, the better the 
chances for generating creative designs. Final product design impacts sixty to 
eighty-five percent of the total manufacturing cost. Hence, through analysis of 
design alternatives is essential prior to the finalization of the product design 
process. This is not an easy task as the munber of possible design solutions 
increases exponentially as new functional requirements and manufacturing 
constraints are introduced. The NP-complete (non polynomial in time 
characteristic of the design problem necessitates different search strategies in 
selecting the final design creating a wide variety of approaches adopted by 
researchers. How does an artifact get designed? How do fuzzy mental images and 
abstract concepts get converted to the crisp design: The process is not well 
understood at this time. Each researcher approaches the problem in a different way 
in an effort to generate the best design satisfy functional requirements. 
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Sub defines design as the culmination of synthesized solutions in the fonn of 
products. software, processes, or systems by the appropriate selection of design 
parameters that satisfy perceived needs through the mapping from fimctional 
requirements in the function domain to design parameters in the stmcture domain. 
This mapping process is not unique, and more than one design may result from the 
generation of design parameters that satisfy the functional requirements. Therefore, 
there can be an infinite number of feasible design solutions and mapping 
techniques. Sub's design axioms provide the principles the mapping technique 
must satisfy in regard to input requirements in order to produce a good design and 
provide a framework for comparing and selecting designs. The axioms are 
independence and information. The independence axiom states that in an 
acceptable design. the design parameters and the functional requirements are 
related in such a way that a specified design parameters can be adjusted to satisfy 
its corresponding functional requirements witl10ut affecting otl1er fimctional 
requirements. The infonnation axiom states tlmt the best design is a fimctionally 
uncoupled design that has a minimum infonnation content. 

Many researchers have been trying to develop a scientific theory or at least a 
mode of design. Their perspectives and views on tlte nature of design can be 
visualized as a feed-back loop of synthesis, evaluation, and analysis. The general 
model of the design process is inherently iterative and requires improvements until 
requirements are satisfied. 

Product design goes through all tl1e above stages. Intelligent data mining system 
can provide valuable infonnation to t11e designer in all stages as it has tl1e 
capability to predict the need of the designer and receive relevant information from 
the interconnected computers of the global village. This capability will impact four 
basic distinct aspects of product design: 
• Problem definition from fi1zzy sets of facts and myths into a coherent 

statement of the question 
• Creative process of devising a proposed physical embodiment of solutions 
• Analytical process of devising a proposed physical embodiment of solutions 
• mtimate check of tl1e fidelity of the design product to the original perceived 

needs 

3.2 Impact on Product Design 
Manufacturing planning, process planning, tnaterial processing, process 
engineering and machine routing are some of the names given to the topic referred 
to here as process planning. 

Process planning is the act of preparing detailed operation iustructions to 
transform an engineering design to a final part. It is the critical bridge between 
design and manufacture. Design infonnation can only be translated tluough 
process planning into manufacturing language. The detailed plan contains the 
route, processes, process parameters, machines, and tools required for production. 
The process plan provides tl1e instructions for production of the part. These 
instructions dictate the cost, quality and rate of production. Therefore process 
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planning is of utmost importance to the production system. In general, a process 
plan is prepared using the available design data, and manufacturing knowledge. 

Process planning is a data intensive activity that requires extensive search. 
Intelligent data mining system due to its ability to predict the need of the process 
planner and locate the source of information and knowledge to restrict t11e search 
can provide an important input in generating process plans. It is very difficult to 
envision tlle impact of tllis capability in manufacturing practices. 

4 INTELLIGENT DATA MINING SYSTEM 

4.2 The Model 
The term "Cyberspace" has existed for decades, while the term "World Wide 
Web" had not been known until recently. Cyberspace is a unified conceptualization 
of space spanning tlle entire Internet. It is a spatial equivalent of the World Wide 
Web. There is only one Cyberspace, just on an irregular network topology. It has 
brought tl1e infonnation from a distributed environment into a global infonnation 
universe. As the munber of web servers increases, surfing tlle Web is increasingly 
difficult. The proposed model, Cyber Agent, is seeking a computational model 
which can efficiently implement high-level intelligent processes instead of seeking 
to model the detailed biological aspect of the hunmn brain. 

The Cyber Agent (Fig. 1) is a smart engineering system built to help users search 
and organize the information. It contains two major subsystems, namely, 
WebTracer and WebOrganizer. They adapt behavior dynamically according to the 
environment and the special requirements of each individual. WebTracer is tlle 
wavefront of t11e CyberAgent while WebOrganizer is tlle brain of tlle CyberAgent. 
They are implemented using PERL and Common Gateway Interface (CGI) [38]. 

Web Server 

Web Server 

Figure 1: The CyberAgent Model 
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4.2 WebTracer 
WebTracer (see Fig. 2) is the wavefront of the Cyber Agent which obtains the 
infonnation from Cyberspace. While there are a number of search engines 
available which hold a tremendous amount of data. WebTracer is not meant to be 
another database-base search engine. Instead. it resides on top of the existing 
search engines. web robots, web spiders, and web wanderers [39]. This speeds up 
the searching process and eliminates the requirement for huge storage locally. It 
incorporates W AIS's [3] ability which answers Z39.50 infonnation requests to 
search several databases at once and lets the users select those databases. A hybrid 
system consisting of neural networks and fuzzy associative memory is used for 
conceptual search and approximate string matching. It improves queries based on 
the user's feedback. It creates links dynamically to the user's particular interests 
using HyperText Markup Language (HTML) [40]. 

The beauty of the World Wide Web is the wide availability of resources. To 
utilize the resources in Cyberspace, WebTracer first consults the online libraries 
which contain dictionaries, thesauruses, and encyclopedias for the keywords that 
the user provided and then launches the existing search engine to search the related 
information obtained from the online libraries. 

(online Librarie~ 

Figure 2: The Web Tracer Diagram 

4.3 WebOrganizer 
The popularity of web servers and web browsers has brought the information from 
a distributed environment into a global infonnation universe which is available at 
one's fingertips. As more infonnation is available in Cyberspace, the users will 
find more infonnation interesting to them. As the user surfs the web and adds 
bookmarks, it is increasingly difficult for them to find their desired infonnation 
from their bookmarks. 

The WebOrganizer (see Fig. 3) is the brain of the CyberAgent. It serves as a 
housekeeper of the web pages and bookmarks. Since the infonnation in 
Cyberspace and the distributed network environment is maintained by many 
people, documents may be moved or deleted, referenced infonnation may change, 
and the hyper-links (Unifonn Resource Locators, URL[41]) may be broken. Like 
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MOMspider [42], WebOrganizer maintains the hyper-links by transversing in 
Cyberspace. It checks the existence of hyper-links, moved documents, and recent 
modification dates. Besides, WebOrganizer can also expand the bookmarks by 
referring to the existing hyper-links in it It also has the capability to organize the 
bookmarks in a variety of ways specified by the user. WebOrganizer consults 
Web Tracer for the validity of hyper-links, and recent modification dates of hyper
links. 

Figure 3: The WebOrganizer Diagram 

5 REMARKS 

Manufacturing engineers of the future need to understand and use large bodies of 
manufacturing data distributed globally and should be able to make sound product 
design and process planning decisions. Tllis is possible tllfouglt smart data base 
systems that can interact with their enviromnent and adapt to changes both in space 
and time. Emerging teclmologies of artificial neural networks, fuzzy logic and 
evolutionary programming are providing the necessary foundation to design such 
systems as described by the intelligent data nlining system. 
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Abstract 
This paper address how neutral product model interfaces can be identified, 
specified, and implemented to provide intelligent and flexible means for 
information management in manufacturing of discrete mechanical products. 

The use of advanced computer based systems, such as CAD, CAE, CNC, and 
robotics, offers a potential for significant cost-savings and quality improvements in 
manufacturing of discrete mechanical products. 

However, these systems are introduced into production as 'islands of 
automation' or 'islands of information', and to benefit from the said potential, the 
systems must be integrated into an integrated manufacturing unit. Such mlits are 
known as Computer Integrated Manufacturing and Engineering (CIME) systems. 

The basic concept in CIME is to share and reuse information between the 
different computer based subsystems. Consequently, for the integration purposes, 
the CIME systems are highly dependent on reliable product model interfaces to 
bridge tl1e infonnation islands together. 

The neutral product model interfaces addressed in tltis paper are used to 
facilitate an integration strategy know as 'the open systems CIME architecture'. 
This architecture is basically based upon tlrree different domains; the CA(X) 
systems are placed in two different domains for design and planning, respectively. 
A third domain within the CIME architecture comprises the automated equipment 
on the shop floor. 
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1 INTRODUCTION 

The success of a manufacturing process is determined by the degree to which the 
manufacturing system masters the essential constituents of a product: Matter, 
energy, and information, (Schlechtendahl, 1989). 

For the manufacturing of discrete mechanical products three different types of 
information are relevant 1) Product definition data, that defines product properties 
such as geometric and kinetic features, and 2) process definition data, that define 
the process pammeters such as welding speed, -current, and -voltage, and 3) 
production definition data, such as bill of materials, logistics and production 
management data. 

The bistory of the manufacturing of discrete products is characterized by a 
continuous expansion of emphasis from matter via energy towards information, 
leading to the domain of information technology. One main reason for this is the 
fact that information technology and manufacturing automation have proven to be 
important instruments to reduce costs, increase product quality and to accelerate 
the process within an enterprise, especially within product development and 
preparation for manufacturing. Today, manufacturing of e.g., automobiles, 
airplanes, and ships is no longer cost-effective and competitive without modem 
information technology and automation. 

The information technology domain has two important sub-areas: Information 
processing, and information communication, (Scb.lechtendahl, 1989). 

Computer aided infonnation processing systems, CA(X), such as CAD for 
design, CAR for robotics, CAQ for quality assurance etc., are prerequisites for the 
automated manufacturing of discrete products based upon programmable, general 
purpose, automatic shop-floor machines, such as robotic systems and NC 
machines. However, these information processing systems are inherently stand
alone systems and act inevitable as 'islands of information', or 'islands of 
automation' when they are introduced into production. What is needed is the other 
aspect of information technology, namely free communication of infonnation for 
integrating or 'bridging' these 'islands' together by information exchange. 

This development led to new manufacturing concepts such as Computer 
Integrated Manufacturing and Engineering (CIME). The main objective of a CIME 
system is to provide a reliable and rational manufacture of products. A CIME 
system integrates the information flow of product data that is communicated 
between the various CA(X) systems, or CIME subsystems, that feature the 
functional 'building blocks' of a computer based manufacturing system. The CIME 
area encompasses the whole range of computer integrated activities with CA(X) 
systems. 
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The basic concept in CIME systems is to share and reuse infonuation between 
the different subsystems. In modem manufacturing technology a huge ammmt of 
product infonnation must be created, identified, stored and transferred. The CIME 
concept therefore needs intelligent communication of product data back and forth 
between the sub-systems, inside the CIME system in question, as well as between 
sub-systems of other CIME systems, e.g., those at a sub-contractors site. 

Often the individual subsystems are purchased from different vendors and have 
been developed over many years. The systems tend to use non-standard ways to 
represent product definition data which leads to integration problems due to the 
lack of inter-system communication and data exchange possibilities. The growing 
number of diverse sub-systems that appear on the CIME market place further 
amplifies this interconnection problem. 

One problem in CIME is therefore to define an integration strategy sufficient to 
solve these inter-communication and data exchange problems between the various 
CA(X) systems. 

Another problem is that the CIME architecture must provide an infrastructure 
for building individually tailored CIME sub-systems. Tllis way, the CIME sub
systems can later be updated, expanded, added or excluded in accordance to the 
users needs and opportunities, in an evolutionary and progressive way, without 
ruining the overall architecture, (Trostmann, 1987). 

A promising concept, used to solve these problems, is known as the open 
systems' architecture. Open systems CIME architecture can appropriately be 
implemented based upon neutral interfaces. In this context the tenu 'neutral' 
denotes that the data and program fonuats have been wliversal accepted as a carrier 
of data and programs, irrespective of native data and program fonuats used by the 
sending or receiving CIME sub-system. 

2. THE OPEN SYSTEMS' CIME ARCHITECTURE 

An open system CIME architecture is conceptually based upon three different 
domains as shown in Table 1; the CA(X) subsystems are placed in two different 
domains for design and planning, respectively. A third domain within the CIME 
architecture comprises the automated equipment for real-time execution of the 
manufacturing tasks on the shop floor. Neutral interfaces are defined between each 
domain to assure the free exchange of product definition data and programs, both 
between CIME-subsystems in different domains and between CIME-subsystems in 
the same domain. The product model interfaces are implemented as physical files, 
as databases, or as application programtning interfaces by use of processor 
programs. 
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Table 1 An open CIME system kernel (Kroszynski, 1991) 

Function 
Domain 1: 
Product design, analysis 
and evaluation. 

Domain2: 

CIME sub-system 

CADI CAE 

Manufacturing and process CAM I CAP I CAR 
planning, simulation, and 
programming. 

Domain3: 
Explicit Machine Control 
(EMC) of automated 
manufacturing equipment, 
for real-time shop-floor 
manufacturing. 

NC/CNC/DNC 
Robots/FMS/ AGV 

Neutral Interface 

Product model description 

EMC description (data & 
programs) 

The first neutral interface in Table 1 refers to the product model description 
interface, which should include all the relevant characteristics of the object to be 
produced i.e., the product-, the process-, and the production definition data 
mentioned above. 

CAD/CAE systems usually generate a description of the product definition 
data, i.e. geometrical characteristics such as shape, dimensions, and topology, of 
each single component, subassembly, and entire machine part. 

CAD/CAFJCAP application modules, or dedicated software packages and 
systems supplement the product definition data with. e.g., the kinematics that 
governs the moving parts of the product, as well as process-, and production 
definition data. The first neutral interface is associated to the acronyms IGES 
(IGES, 1991), SET (SET, 1989), VDA-FS (VDA-FS, 1987), CAD*I (CAD*I, 
1989), and the international standard STEP (ISO 10303-1, 1993). STEP is the 
working title for '18010303-STandard for the t;xchange ofrroduct model data' for 
communication and storage of information models represented as neutral product 
definition data, and neutral program formats. 

The second neutral interface in Table 1 refers to the actual programs that drive 
the computer controlled manufacturing equipment on the shop floor. These 
programs, generated at t11e CAM/CAP/CAR level of the CIME system, can range 
from instructions to perform a drilling cycle to produce a pattern of holes, to a 
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complex program for the assembly of a mechanism by a robot system. Explicit 
Machine Control (EMC) descriptions for nwnerically controlled machine tools are 
realized with the s1andardized programming language 'NC-processor' (ISO 4342), 
which is based on the well-known APT language. The NC-processor languages 
produce two standardized output formats 'CL-data and structure' (ISO 3592), and 
'CL-data for post-processing' (ISO 4343). For robotics, no robot programming 
languages have matured enough, politically and/or teclmically, to become an 
international accepted standard yet. Today, robot programming languages are at 
best, national standards such as the two German DIN standards IRDATA, 
(IRDATA, 1986), and IRL, (IRL, 1992). 

Having shortly discussed the open systems' architecture, we now turn our 
attention to the development of the product model interface, which is addressed 
above as the 'first' neutral interface to implement this architecture. 

2 DEVELOPMENT OF NEUTRAL PRODUCT MODEL 
INTERFACES 

The development of a product description interface for exchange of advanced, 
discrete product models introduces some new and interesting challenges to be met. 

Some of these challenges are to find appropriate interface design- and 
implementation methodologies, as well as tools for increasing the inter-system 
communication capabilities, and accordingly contribute witl1 solutions to the 
above-mentioned integration problem in an intelligent fashion. 

A proper solution of these interrelated challenges is a prerequisite for raising 
the integration level and thereby increasing the degree of interoperability in CIME. 
Interoperability in CIME reflects the capability of diverse CIME sub-systems to 
work together for the benefit of the total CIME system to achieve a desired goal. 

The design phase, in Table 1 Domain 1, is distributed over 'traditional' 
computer Aided Design (CAD) and Computer Aided Engineering (CAE) systems 
such as Computer Aided Control Systems Design (CACSD) systems. This 
distributed design phase gives raise to interoperability problems because two 
different designs are often transferred concurrently as a compound model in order 
to fulfill primarily specific functional needs of the receiving CAM/CAP/CAR 
system in Table 1, Domain 2. 

Therefore, the generic, enhanced product description interface has to be 
designed with the said open architecture and by use of proper methodologies to 
provide mechanisms to administer and integrate these distributed designs, reliably 
and efficiently. 

Three 'classic' phases of work are used for interface development, i.e. the 
identification phase, the specification phase, and the implementation phase. Each 
of these phases has its own associated methodologies; the identification phase 
utilizes function modeling, the specification phase is based upon information 
models, and the implementation phase is based upon a computer programming 
language. 
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The choices of methodologies for interface development affects the scope (or 
capabilities) of the interface and consequently the application of the interface. It is 
therefore important to choose the best possible framework for the interface 
development. 

It is. of course possible to develop dedicated processors by use of arbitrary 
processor development principles and home-made interface formats, but the scope 
and application of such processors and interfaces are quite limited. 

A more appropriate approach is to base the open systems' CIME architecture 
upon neutral interfaces and corresponding neutral processor programs as 
mentioned above. 

Today, the international STEP initiative (IS0-10303-1, 1993) provides a 
promising infrastructure to cope with function modeling and information modeling 
of product definition data for the development of neutral product model description 
interfaces, and it provides a common, universally accepted data and program 
format for information transfer. 

The STEP methodology allows (among other) us to use the IDEFO, (IDEFO, 
1981) function modeling technique for identification, and EXPRESSIEXPRESS-G 
(IS0-10303-11, 1994), information modeling techniques for specification as 
shown in Figure 1. For the interface implementation purposes one is free to use 
whatever programming language preferred (e.g., C++ is quite suitable for use with 
STEP). 
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Figure 1 IDEFO diagram showing the different phases of the iterative interface 
developments by use of the ISO-STEP methodology (Serensen, 1996). 
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Generally speaking, the pwpose of such initiatives as S1EP is to enable 
sharing of product model information between different computer applications. For 
information to be shared between two systems, an agreement on the contents and 
the semantics must be made. In S1EP this is accomplished by defining information 
models in EXPRESS, a formal information modeling language (based upon data 
identified by use of e.g. IDEFO as shown in Figure 1). EXPRESS has been 
developed specifically to describe product information for exchange between 
engineering applications, and the semantics of an information model is determined 
partly by the EXPRESS text (schema), and partly through natural language 
annotations. 

Tile role of a product infonnation model for the definition of interfaces is 
shown in Figure 2. 

The 'real' resource 
to be modelled 

.... 
...... . ... -· Sender (encoder) 

Format description of ideas. facU, and/or processes 

+t 
Explicit set of interpretation rules 

Product information model .... 
······ • • • • c::: Descriptions o.nd intCfl)retation rules ~ 

. . . . 
~ 

Interpreted data model 
of the real resource to 
be modelled • Product 
description interface 

Receiver (decoder) 

Figure 2 Tile role of an information model for interface definition for transfer and 
storage of information (Sarensen, 1996). 

An information model represents the structure and semantics of infonnation 
within the modeled system or subject area. 

Information models for interface definition (Figure 2) 'maps' ideas, facts, and 
processes, related to the 'real' resources to be modeled, into fomml interface 
descriptions defining the scope and constraints of the information resources. 
Moreover, information models utilize explicit sets of rules defining how data, 
which are subject to transfer via the interface, should be interpreted. 

An information model can be defined as (Schenck, 1994): 
An information model is a formal description of types of ideas, facts, and 

processes which together form a model of a portion of interest of the real world, 
and which provides an explicit set of interpretation rules. (If an information model 
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is written in EXPRESS or any other computer sensible representation, it has the 
additional quality of being computer processible). 

An infonnation model requires three interconnected concepts: scope, 
perspective and purpose. Scope means what is included and what is excluded from 
the model; in other words it defines the boundaries of the model. Perspective 
represents the viewpoints that are incorporated into the model. . The model will be 
affected by the objectives of the modeller's perspectives, and thus the purpose of 
the model is also importan~ what is the model intended for? 

3 IMPLEMENTATION OF PRODUCT MODEL INTERFACES 

The last stage in the iterative development process of a neutral product model 
interface, addressed above, and shown in Figure 2, is the physical implementation 
of the interface. the neutral interface is implemented by use of processors. 
Processors. or translators, are computer programs that facilitate transfer, access, 
and storage of data within a neutral interface defined by the infonnation model. 

The implementation of the STEP based product model interface implies the 
selection of proper processor development teclmiques, implementation paradigm, 
CASE tools, and exchange scenario for processor implementation and tests. 

A product model interface implementation has been done at the Technical 
University ofDennuuk (DTU) facilitating tbe exchange of dynamic control models 
between general purpose Computer Aided Control Systems Design (CACSD) 
Systems and Computer Aided Robotics (CAR) systems for dynamics simulation of 
robot control systems. This test set-up is using the so-called schema-driven 
processor development technique, the object-oriented implementation paradigm, 
and a fourth generation STEP based CASE tool. 

Such STEP based processor development is an iterative modeling and 
programming process with functional modeling in IDEFO, infonnation modeling in 
EXPRESS-G and EXPRESS (or NIAM or IDEFlX), and implementation 
specification with e.g. OOA/000, and implementation with OOP as show in 
Figure 3. The chronological modeling and development order goes from IDEFO 
modeling to EXPRESS-G and EXPRESS, and furtber on to OOA/OOD followed 
byOOP. 

One advantage with the interface implementation chosen at DTU is that the link 
between the EXPRESS schema and the data structure of the processor program is 
facilitated by a compiler (CASE tool) that translates the EXPRESS language into 
an intermediate data structure of the implementation language (typically C++). 
This feature promotes interoperability between the CIME sub-systems by allowing 
easy adoptions of new infonnation models and easy modifications of the existing 
information models and thereby allowing distributed sub-designs to act together in 
the interface as a virtual complex design. 
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Figure 3: The iterative modeling process between lexical and graphical 
representations. Dotted arrows indicate manual model data transfer and full arrows 
indicate automatic conversion between data representation formats (Sarensen. 
1996). 

Note that for 'non-schema-driven' processors the EXPRESS schema is 
interpreted and ttanslated manually into the intermediate data structure. This also 
implies that, for every change in the EXPRESS schema the intermediate data 
structure has to be exposed to a slow, error-prone, and tedious manual updating 
process. 

Another advantage with the chosen approach is that it uses a 'modular' 
architecture for developing interfaces that reduces the overheads in creating neutral 
interfaces, such as those based upon S1EP. Only the so-called pre-processor 'front
end', and the post processor 'back-end' are specific to a given CA(X) system, and 
the intermediate data structure is derived directly from the infonnation model 
(represented here by the EXPRESS schema). In addition to tlus, the use of the 
modular architecture together with computer aided software engineering (CASE) 
tools, allow for the data to be manipulated and checked as a part of the translation 
process. 

The creation of pre- and post processor programs for another system therefore 
requires development of only the 'front-end' and the 'back-end' elements. 
Advanced architectures for data exchange (here S1EP based exchange) include not 
only the ability to create and maintain the internal data structures directly from the 
information model (here the EXPRESS schema), but also tlte creation and 
mappings between different (EXPRESS) data models. 



80 

4 CONCLUDING REMARKS 

In this paper we have seen how neutral product model interfaces can be identified, 
specified, and implemented to provide intelligent and flexible means for 
information management in manufacturing of discrete mechanical products. 

The international STEP initiative provides an infrastructure for the 
identification. specification. and implementation of neutral interfaces based upon 
the open systems' CIME architecture. 

The generality and flexibility of the open systems' architecture, based upon 
neutral interfaces and implemented by processor programs, is strongly affected by 
the choice of the processor development techniques, the implementation paradigm, 
the CASE tools, and the exchange scenario for processor implementation and tests. 

A product model interface implementation has been done at The Technical 
University ofDelliiUllk (DTU) facilitating the exchange of dynamic control models 
between general purpose CACSD Systems and CAR systems for dynamics 
simulation of robot control systems. Tllis test set-up is successfully using the 
schema-driven processor development technique, the object-oriented 
implementation paradigm, and a fourth generation STEP based CASE tool. Tl1e 
set-up is very flexible and general in the sense that it is easy to update with new 
product model features directly based upon EXPRESS specifications, modular, and 
relatively easy to maintain. 
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Abstract 
The paper presents the long-term plruming approach which has been studied to 
support small-medium enterprise networks of competing nodes in evaluating their 
capability to meet the foreseen customer demand. The network as a whole uses 
long-term plruming to identify possible resource lacks in some productive phases 
and to plan critical materials purchase. The participating nodes use long-term 
plruming to decide the most convenient amount of productive capacity they make 
available to the network. The planning functions keep demand uncertainty in due 
consideration and adopt a proper family-based network process model. 

Keywords 
Enterprise Network Strategies, Long-term Plruming, SME Network, Distributed 
Manufacturing. 

1 INTRODUCTION 

Long-term (strategic) plruming is a very important support tool for manufacturing 
enterprises. The effects of foreseen demand configurations are simulated to derive 
timely estimates of purchasing volumes and times, and of resources workloads 
(Gessner, 1986). A good long-term plan gives hints to arrange convenient open 
contracts with suppliers. deferring to medium-term planning the details on product 
types and volumes. Moreover, it identifies the needs of internal and external 
productive resources and helps deciding on investments to undertake for improving 
the enterprise productive capacity. 

Unfortunately, small-medium sized enterprises (SMEs) are seldom in 
condition to employ long-term plruming techniques. The reasons are many, in 
particular: 

Computer Applications in Production and Engineering. F. Plonka and G. Olling (Eds.) 
C 1997 IFIP. Published by Chapman & Hall 
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• Strategic planning functions, often named Master Production Schedulers 
(IBM, 1985), are included in costly and burdensome MRP II packages. 

• SMEs adopt a lean work organization which cannot afford diverting human 
resources from directly productive activities to planning activities. 

• SMEs frequently apply subcontracting for the execution of process phases, 
hence these phases are objectively withdrawn from planning. 

New organizational paradigms, leading to the constitution of SME networks, are 
gaining increasing relevance. One of them, addressed to discrete production, is 
studied within the project EP20723 - PLENT (Planning Small-medium Enterprise 
Networks) of the European Esprit R&D program (Bonfatti, 1995). 

According to this model: (i) every node can participate in more than one 
network and maintain its own direct customers; (ii) network nodes have equal 
rights, although their roles are affected by the declared capacity and the proven 
reliability; (iii) every node is free in declaring the phases it can perform and the 
amount of productive capacity it makes available to the network for every phase; 
(iv) the network takes advantage of the competition of different nodes on the same 
productive phase; (v) workload distribution among competitor nodes is made on 
the basis of objective rules that represent the network management policy; (vi) 
every node is autonomous in deciding investments to improve its own position 
with respect to competitors within the network. 

This organization calls for the introduction of a network coordinating wtit 
(Bonfatti, 1996, 1997). Its capability of applying neutrally the decision and 
evaluation policy agreed upon by the network nodes, without assuming 
independent decision powers, is a necessary condition for overcoming the 
historical distrusts between enterprises, often belonging to the same industrial 
district, traditionally in competition witlt each otlter. 

Co-ordinating wtit functions are: (i) manage the network process 
representation in terms of the macro-phases which can be carried out by the 
different nodes; (ii) manage tlte representation of work capacities, current states 
and past performances of the different nodes, witlt respect to each macro-phase; 
(iii) manage customer orders, and decide their subdivision into balanced orders to 
tlte network nodes so as to pursue node satisfaction and network efficiency; (iv) 
send orders to the respective nodes, informing them on tlteir position in that 
specific productive chain (for each node, which are the supplier and tlte client 
nodes); (v) arrange new workload distributions in case of problems that cannot be 
damped down within tlte network, taking into account node counter-proposals. 

Witlt this organization tlte network can afford design and production of 
complex products which are out of reach of tlte single enterprise. Moreover, the 
network can accept large volume orders thus accessing market segments which 
otherwise would be precluded. Last but not least. the network can invest in 
advanced planning techniques, including strategic planning packages. The 
information coming from long-term planning is relevant for both the network as a 
whole and the single nodes, as it regards the evaluation of their respective 
capabilities of meeting the expected customer demand: 
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• For the network, long-term planning is used to identify possible lacks of 
resources on some phases, so as to ask in time the existing nodes to increase 
their productive capacity, or even to involve new nodes. 

• For the single node, long-term planning gives hints to decide on the benefits 
that could come from modifying its involvement in the network in terms of the 
subset of phases it performs and the relative declared capacity. 

These peculiar goals make the traditional strategic planning techniques unsuitable 
for enterprise networks. In fact, they adopt process models which are not 
conceived to represent distributed manufacturing. Moreover, they are focused on 
estimating material requirements (Volkens, 1995) while for an SME network it is 
more important to evaluate the overall workload and the effects of different 
woddoad distribution policies among nodes. In other words, the specific 
relationships within an SME network and the particular answers of the involved 
entities call for the definition of an indeed new approach to long-term planning. 

It is the aim of this paper to describe the solution which is studied within 
the PLENT project The proposed technique is split into an initial demand 
definition step and two following planning functions. namely the network plan 
generation and the nodes plan generation: 
• The network plan generation function computes network workloads per phase, 

and possible critical materials requirements, with respect to the hypothesized 
external demand, starting from a proper representation of the manufacturing 
phases which realize the network processes. 

• The nodes plan generation function is instead aimed at simulating alternative 
distributions of the nodes workloads, taking into account their declared 
productive capacities and according to different network policies. 

Either function can be executed autonomously and repeatedly to study different 
hypothesized scenarios: essentially, demand scenarios for the former and node 
capacity scenarios for the latter. The intrinsic demand uncertainty is expressed 
according to a family-based process representation which includes alternative 
productive paths and the corresponding variations of times and workloads. 

The paper presents four main sections. Section 2 introduces the process 
model supporting the planning functions. Section 3 describes the external demand 
definition. Finally, Section 4 and Section 5 present and discuss the network plan 
generation function and the nodes plan generation function, respectively. 

2 THE PROCESS MODEL 

Long-term planning requires to model the network manufacturing processes and 
the activities that each node can carry out. Considering the planning goals, a high 
level of detail is not useful. The most natural choice is decomposing every 
manufactming process into phases obtained by intersection of the nodes declared 
activities. The manufacturing process of all the variants of a product family can 
conveniently be described as a unified direct acyclic graph (DAG), called network 
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operational scheme, which includes alternative production phases and paths. The 
operational scheme syntax is based on the graphical primitives shown in Figure 1. 

~3 

Figure 1 

Phase 

phase 

material flow 

critical material 

alternative 
(or-join) 

option 

choice parameter 

Primitives of the network operational scheme. 

We define network process phase every sequence of manufacturing operations, no 
matter how complex, which can be executed by one or more network nodes 
without interruptions. If node Nl can exec\tte a given sequence of operations and 
node N2 can execute only a part of it, the Nl activity must be split into three 
phases, one of which is executed by either nodes. Nodes performances with respect 
to a given phase differ in execution time and productive capacity. 

Material flow 
Oriented arcs represent the flows of materials between the phases which produce 
them and those which use them. When more than one phase uses the same 
material, as many flow lines leave the phase producing it. Every arc has associated 
the corresponding multiplying factor, a positive integer number expressing the 
quantity of input material required to realize a unit of output material. The absence 
of this number means that a wlitary factor is applied. 
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Critical material 
This primitive represents the raw material or component whose purchasing is in 
charge of the network as a whole (components purchased by the single node are 
not considered to preserve the autonomy of its behavior). The represented critical 
materials are visible to the network planning function so as to properly estimate 
their requirements over time. Also critical materials are characterized by quantity 
multiplying factors. 

Alternative 
Each product variant bas its own operational scheme, but often it shares most 
phases with other products of the same family. Moreover, a given component may 
be obtained following alternative, interchangeable production paths which, leading 
to the same result, do not impact on the subsequent phases. The alternative 
primitive represents either situations· (Bonfatti, 1998) and avoids the redundancy 
which could result from writing a different scheme for every variant of the network 
final product 

Option 
A particular case of alternative is given by the possibility of choosing between 
executing or skipping a certain phase. These phases correspond to manufacturing 
activities of optional components or auxiliary tasks required under particular 
circumstances. For instance, the request of a customized product sometimes 
involves the execution of a design phase which is otherwise unnecessary. 

Choice parameter 
Both the above alternative types have associated choice parameters with as many 
values as the number of options. The same parameter can be associated to more 
than one operational scheme alternatives, provided that they present the same 
number of options, to denote that those alternatives are subject to the same choice 
criterion. A particular combination of parameter values identifies a sub-family or a 
single variant This mechanism is used in external demand definition. 
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Figure :z Example of network operational scheme. 

Figure 2 reports an example of operational scheme. In case of discrete production, 
the graph root (phase A in the example) is unique and corresponds to the last 
process phase, for instance final assembly or packaging and delivery. Leaves 
(phases E, 0, N and P) are many and indicate the initial manufacturing phases 
which realize the simplest semi-finished products. 

The operational scheme in Figure 2 shows situations that can be 
recognized as typical cases of workflow management, as they are defined in the 
WfMC reference model (Hollingsworth, 1995). A case of and-split corresponds to 
the flows leaving phase 0 to feed in parallel two successive independent phases. 
The flow leaving phase L is an or-split as it implies, when executing a given order 
instance, the choice of one of the possibilities leading to phase I, J or K, 
alternatively. An and-join case is constituted by the material flows entering phase 
A and expresses the simultaneous use of three input materials (two particular and
join occurrences are also given by the flows entering phases G and L). Finally, 
three or-join cases realize the convergence of the alternative paths leading to 
phases B, C and L. 

Observe that. in the example of Figure 1, parameter Par3 is associated to 
both the alternative leading to phase L and the option leading to phase D. This 
means that the values assigned to the choice parameter options affect both 
manufacturing paths although they belong to independent branches of the 
operational scheme. 
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Node capacity per phase 
The process model is completed by the declaration of the productive capacities that 
each node makes available to the network with respect to the phases it can execute. 
Taking into account the long time horizon of strategic planning, we assume the day 
as time unit. Then, every pair (node, phase) has associated the daily capacity, CJ, 
expressing the average number of output material units produced every day. We 
suppose that the productive capacities of the node are not concurrent, i.e., they are 
independent from each other. 

3 DEMAND REPRESENTATION 

The first step of the planning procedure is aimed at declaring the demand 
configuration that represents the long-term production budget. Starting from the 
sales forecasts provided by the marketing function, a set of external demand items, 
properly distributed along the plruming horizon, are issued. Each item represents 
the total requirement on a given period for a certain family or sub-family of 
products. We consider sufficient to express the requirement tempoml granularity 
on a weekly basis. The dematld item presents the following structure: 

Year Week Family 
1997 11 Fl 

Quantity 
200 

Configuration 
Pari (v 11=40, v12=60) 
Par2 (v21=0, v22=100, v23=0) 
Par3 (v31=25, v32=75) 

• Year and Week express the due date of the requirement instance. 
• Family and Quantity indicate, respectively, the type of product to plan and the 

number of pieces of the requirement instance. 
• Configuration is made of as many expressions as the family choice 

parameters: it is aimed at representing the distribution of product variants 
within the considered family. Every parameter must be instantiated, each 
option must receive a value and the sum of these values must always be 100. 

It is worth observing how this representation of the requirement instance 
configuration can characterize every possible type of demand. If one or more 
parameters have specified just one option with value 100 (as for parameter Par2) 
then the demand item refers to a sub-fatnily where the choices corresponding to the 
zero value options are excluded. Moreover, if all the fatnily parameters present the 
100 choice, the demand item refers to a single family variant. 

4 NE1WORK PLAN GENERATION 

We call network planning the computation of phases workloads and critical 
materials requirements as they results with respect to the hypothesized external 
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demand The planning algorithm works at infinite capacity, hence it can process 
one demand item at a time. The operational scheme of the single demand item is 
examined backward (from root to leaves) to calculate quantities of output materials 
and duration of each phase. In correspondence of the alternatives the computation 
considers the different paths and the rates associated to each of them. Figure 3 
shows the requirements of output and critical materials resulting for the operational 
scheme of Figure 2 in case of a demand item of 100 pieces, and according to the 
parameter values reported in legend. 

t__, ~ 2 (2S+l0tlS) 

ffi<~~ 

Figure 3Materials requirements per phase. 

(2S+l0tlS) 

Plrl: ('iU, 30) 
Pll2: (50, ~. 30) 
Pa'J: (SO, SO) 

For the execution of the network plarming function we choose tlte most efficient 
workload distribution among the network nodes, i.e., tlte distribution which 
minimizes the lead-times. The main aim we pursue with network planning is in 
fact determining the minimal execution time to adopt as a reference datum for 
evaluating the criticality of tl1e network behavior. Since every phase can be carried 
out by a number of competing nodes, its duration may change considerably 
depending on the actual workload distribution. 

In order to detenni.ne the distribution which minimizes the phase execution 
time, let us denote with BSj the output batch size of the j-th phase (BSj is a 
function of the quantities consumed by the following phases) and suppose it can be 
executed by n nodes. The distribution is obtained by solving the following system 
of (.n+ 1) linear equations: 
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where x lj· x2j. ... Xnj express the number of pieces produced by each of the n nodes, 
cij the capacity of node i on phase j, Tj the minimal execution time. 

For example, suppose that three enterprises declare to perfonn the j-th phase 
with a productive capacity of 10, 40 and 100 pieces per day, respectively. If it is 
BSj = 400, the solutions are Xjt = 26.66, Xj2 = 106.66, XjJ = 266.6 with Tj = 2.66. 
Since workloads must be expressed by integer numbers, the three nodes will have 
assigned 26, 107 and 267 pieces, respectively. The actual phase duration coincides 
with the time spent by the slowest node: Tj2 = 107/40 = 2.75 days (here, the second 
T index identifies the node). It means that the phase lasts for three days: in two of 
them the nodes work at their maximum capacity while in the third day only a 
fraction of the capacity is actually spent 

The start date of the j-th phase is finally computed by subtracting the Tj 
duration from the phase due date. Whenever a phase must feed two or more 
following phases, these issue independent requirements which are managed 
autonomously. In the example ofFigure 3 this situation is represented by lists of 
batches associated to phases Land 0 (and phases M and N as they precede L). 

Once the network planning ftmction has been applied to all the demand items, 
resource profiles such as that reported in Figure 4 give a measure of the global 
capacity and the capacity peaks the network must for every phase. 
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Phasej 

Figure 4Resource profile for the j-th phase. 

5 NODES PLAN GENERATION 

Maximum 
network 
capacity ................. 

days 

The node workloads planning function is executed to evaluate which task 
assignments every node may expect to receive with reference to the hypothesized 
demand. The computation is carried out at finite capacity so as to take into account 
the concurrence of demand items on the productive capacities. The planning 
algorithm realizes a simplified simulation of the network policy: it tries to balance 
the ratio between the tasks assigned to the different nodes and their declared 
capacities by taking also into account the rank attributed to each node. 

The planning algorithm examines one demand item at a time. TI1e demand 
items are examined from the nearest week to the most distant future. Within a 
week, the examination order is decided by the planner. Assignment of demand 
item phases to nodes is carried out according to a backward approach and each 
phase is assigned to a single node, without introducing batch splittings. For each 
phase, workload assignment to nodes is executed on a daily basis: starting from the 
phase due date the algorithm determines the node that is more entitled to receive 
the assignment If the daily available capacity is not sufficient to run out the batch 
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size. the selected node is charged for the needed munber of days. The node daily 
capacity is decreased according to each received assignment. 

Whenever two or more nodes are able to perform a phase, a dynamic node 
priority is used to decide which node has the right to obtain the assignment. The 
priority of the i-th node on the j-th phase is given by the expression: 

'/ ifa->0 I 

where: 
• Ri is a coefficient ranging between 0.0 and 1.0 which expresses the node rank 

(this coefficient expresses node reliability as it results from the evaluation of 
its past performances); 

• "ijk represents the nwnber of pieces assigned to node i on phase j for the k-th 
day (d is the due date of the demand item under examination); 

• cij represents the productive capacity declared by node i for phase j 

• a_; = card {k I 3 i : "i,ik * 0 } counts the number of days where at least one node 
has received an assignment for phase j. 

As an example. consider three nodes a., ~ and y which declare respectively a 
capacity of 40. 20 and 60 pieces per day for phase j. Suppose that the requirements 
for phase j are: (i) 50 pieces on day 96, (ii) 200 pieces on day 98 and (iii) 100 
pieces on day 99 and that the following plan constitutes the situation as it results 
from the previous assignments: 

Assuming R.j = l for every node, the priorities result: Paj= l, Ppi= 0.5, Pyj= 0.83. 

Then the (i) batch is assigned to node a., more precisely 40 pieces on day 95 and 
the remaining 10 pieces on day 94. The new priorities become: Paj = 0.69, P~i = 

0.62. Pyj = 0.88. Thus the (ii) batch is assigned to node yon days 97 to 94. Finally, 
the priorities change again: Paj = 0.79, P~i = 0.75,Pyj = 0.36 and the (iii) batch is 
assigned to node a., on days 98 to 96. The resulting plan is now: 

Cjj 

a. 40 
8 20 
y 60 

~~----~-92 __ ~9_3~ __ 9_4~ __ 95 __ r-9_6~r-9_7~ __ 9_8~ __ 99~ 

110 120 1:: 1: 1: 1: 1·0 I I 
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and the corresponding priorities are P aj = 0.46, Ppi = 0.79, Pyj = 0.45. It means that 

the next batch (if any) will be assigned to node~· 
In conclusion, observe that this finite capacity workload distribution can 

be executed many times changing the node priorities (i.e. their rank and declared 
capacities) to evaluate different planning scenarios. These results, together with the 
network resource profiles, are made available to the network nodes to support them 
in deciding their own strategy and the network general policy. 

This approach is currently under validation at four enterprises networks: 
(i) an Italian network manufacturing a family of wheel-motors; (ii) a Spanish 
network manufacturing complex transfer machines; (iii) a Greek network 
producing garments; (iv) an Hungarian network producing oil for food industry. 
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I INTRODUCTION 

Migration to a global economy is taking place everywhere. The teclmologies 
accompanying this process are changing rapidly and keeping up with tltem is 
expensive in tenns of money and time. Especially small enterprises do not have tlle 
resources needed to accomplish this challenge. As witll every conunercially viable 
technology the relation between costs and benefits has to be rigltt. Tllis means tlte 
technology used must not be too expensive, and it has to be easy to implement in 
business. 

Therefore several industrial and governmental research projects concentrated on 
developing technologies for a global and cost effective supply chain integration. 
This leads towards VIrtual Product Development, a technology tllat all comprulies 
will be confronted witll in tlle near future (Spur 1997). It goes along witll tlle 
establishment of several regional centers across Europe where small companies 
receive support for tlle introduction and operation of relevrutt teclmologies. 

The multimedia working environment consists of a product library, multimedia 
email and a conferencing system including components for video/audio 
conference, shared whiteboard rutd application sharing. The main focus is tlte 
product library. The product library serves two purposes. It is used for information 
distribution to a broad audience as is associated witll tlte term product library. 
Furthermore it is used for data exchange in virtual teams with members of different 
companies. 

The network infrastructure is scaleable from analog modems to bundled ISDN 
lines and up to A TM to allow the network connections to be as powerful as 
required and as inexpensive as possible. 

2 COMMUNICATION ALONG THE SUPPLY CHAIN 

The players in today's manufacturing business become more and more global. 
Looking for example at Fiat (Vio 1997), a remarkable increase in globalization can 
be seen. where in five years tlte runount of components delivered from outside Italy 
has risen from 17% to 38%. Tlte absolute value of components delivered from Italy 
has decreased sliglltly, so the growth has taken place only outside tlte OEM's 
country. 

This shows the trend towards global project teams devoted to creating a product. 
Since tllese teams are working togetlter while being physically dispersed across 
different nations and even across different continents tlley are called virtual teams. 
Fast and reliable conununication in tltese virtual teams is crucial to success but 
proven techniques like phone, fax and personal visits fail to deliver. Tl1ey are 
simply incapable to distribute the ammmt of required information fast enough to all 
conununication partners and in useable data formats. 

Information gathering 
The first problem being addressed by the WCE is tile time required to gatller all 
relevant information for t11e business process. T11e task of information gatllering is 
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only one of the five basic activities of product development processes (Krause 
1995a) but it is very time consuming (figure 2). Engineers spend a lot of their time 
with information gathering, figures vary between 30% (Noble 1986) and 70% 
(SMAC 1994). The exploitation of modem communication technologies like video 
conferencing or Intranet information systems can reduce this time drastically. 

requirements 
identi cation 

box size reflects efforl necessary 
to acomplish activity 

infonnation gathering I 
~oproduc 
____::::ation 

I 
testing an'f--..__1 __ --, 
evaluatio 

decision 
'--------i 

Figure 1 The five basic activities of product development processes. 

Another common problem is the status of information, i.e. whether the 
information is up-to-date or obsolete. At least partially this problem can be solved 
when all users access the same data on-line via one common data pool. Having on
line access to the data is not enough, the use of this facility must be ensured to 
maximize its value. 

Even when the user knows where the data he is looking for resides, it can take 
him a week to exchange it via a tape. Furthermore many companies are unwilling 
to release emerging drawings and other project documents. So a central networked 
repository for all these data would be very important. 

Table 1 gives an overview of the requirements for an environment to distribute 
and exchange information (1EAM 1996). 

Table 1 List of requirements for application addressing information gathering 

• simple to use, especially no special knowledge like HTML necessary; 

• low cost; 

• availability, i.e. data must be available to all authorized users all the time; 

• fast access to data, i.e. minutes instead of days; 

• data formats that can be viewed and processes by all users; 

• documents organized in net-like structure; 

• revision control for documents; 
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• gateways to existing databases and engineering data management systems; 

• high security, that includes access control, secure storage, and secure 
transmission; 

• directory services for all virtual team members, i.e. directory services across 
multiple companies~ 

• workflow support to ensure the right person performs the appropriate action; 

• support for multiple languages. 

Problem solving 
Another problem is the amow1t of time being devoted to problem solving. 
Especially the delay between problem detection and actual problem solving can be 
reduced. This delay consists mostly of the time 

• to identify the people who have to be involved in the problem solving 
process, 

• to find a common time slot for a meeting, and 
• to travel to the meeting pace. 

The tmvel time vanishes if it is possible to set-up a virtual meeting. Without the 
necessity to travel the common time slot necessary for the meeting is reduced and 
therefore easier to find. Identification of the important people can be facilitated by 
directory services and by the right composition of virtual teams. The latter 
increases chances that all necessary people are already in the relevant virtual team. 

The functionality required to solve or at least ease the problems mentioned above 
should fulfill the requirements listed in Table 2 (SMAC 1984). 

Table 2 List of requirements for application addressing problem solving 

• simple to use~ 

• lowcost; 

• directory services for all virtual team members, i.e. directory services across 
multiple companies; 

• scheduling of conferences; 

• invitation of users or virtual teams to conferences; 

• ability to join and leave a conference without restarting or terminating the 
conference; 
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• multi-point conferences, i.e. conferences between more than two persons;, 

• whiteboard for general discussions, preferably with multiple pages and the 
ability to save these to disk as minutes; 

• sharing of CAD applications, spreadsheets, word processors. 
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The sharing especially of CAD applications requires fast connections. It is not 
really a necessity, an acceptable alternative is (I) to capture the view describing the 
problem. (2) put it onto a whiteboard, and (3) to discuss the problem using the 
whiteboard. 

Heterogeneous Environment 
The lack of interoperability of software applications in heterogeneous 
environments is a common but nevertheless important problem. And in a supply 
chain a heterogeneous environment is rather normal because companies who 
supply more than just one manufacturer will have their own software and hardware 
environment 

Therefore a general requirement is the availability of the connecting software 
application in a variety of software and hardware environments (see table 3). 

Table 3 List of general requirements 

• support for all major operating systems, 

• support for all major types of computers, i.e. workstations and personal 
computers, and 

• support for all important types of networks, like Ethernet, Token Ring, A TM 
etc. 

3 WEBPROM COLLABORATIVE ENVRIONMENT 

Two problem areas have been identified in the previous section, i.e. infonnation 
gathering and problem solving. The WebProM Collaborative Environment (WCE) 
addresses the former by a Web-based Product data Management (WebProM) 
system (Krause 1995) and tile latter by a conferencing environment including 
audio/video conferencing and application sharing. The technical problem of 
interoperability is addressed by the overall architecture of WCE, which relies on 
standards and de-facto-standards as far as possible. 
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The conferencing environment 
The conferencing environment is made up of MBONE conferencing tools and 
application sharing is performed using Team Solution's Team Conference. 
Interoperability between different conferencing systems is achieved by relying on 
the ITU-T recommendation H.320 (ITU 1996). But interoperability of application 
sharing systems is currently hard to achieve because the ITU-T recommendation 
T.l20 (ITU 1996a) provides not enough functionality for full-fledged application 
sharing. 

Web-based Product data Management 
WebProM meets two major requirements. On one hand, WebProM gives 
enterprises the ability to publish up-to-date product catalogues and to grant public 
or restricted access to these data. On the other band project partners from different 
companies can store, retrieve and maintain required information in t11e project 
library. 

(1) Public static data. which is available to a broad audience, e.g. all potential 
customers. This infonnation group includes e.g. national and international 
standards, design relevant regulations and laws, but as well product 
catalogues or service information for garages, etc. Furthermore always up-to
date company profiles and other general information can be made available. 

(2) Company related static data. which is accessible by customers and sub
contractors. This includes engineering and design standards, company 
standards, company's interpretations of national and international laws and 
standards, or even phone directories. 

(3) Project related dynamic data, which is available to a small group, usually the 
project team. This group includes product specifications, 3-d CAD models, 2-
D design drawings, timing plans, old designs, test results, rnaterial 
specifications, data on human resources, standard parts, minutes of meetings 
or decisions. Some of the users may as well have write access and update tlus 
information. 
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An information source like that not only gives external project partners access to 
current project data, but as well enables internal staff to access up-to-date 
information like engineering and design standards, where at the moment it is not 
always possible to guarantee access to the latest revision of a standards docwnent. 
Figure 3 gives an example for a product library. 

Figure 3 Navigation and viewing in WebProM. (Porsche by [ORC 1996)) 
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An important aspect in the development of WebProM was the ease-of-use of the 
user interface, thus reducing training times to a minimum. So common user 

interface elements are used wherever appropriate. However the underlying 
technology poses limits to the interface design. For example drag-and-drop 
functionality is difficult to implement while retaining web-browser behavior. The 
user interface is split in three operating modes, one for browsing (Figure 3), one 
for contents editing (Figure 4) and one for administration of users and groups ( 
Figure 5). 

Figure 4 Maintenance of the information stored 

Organization of information 
Files are the smallest unit of information supported directly by WebProM. They 
can be combined to groups. Items, groups and folders can be combined into 
folders. Groups are helpful for example to build a product catalogue where 

information for one product may consist of several items like general description, 
data sheet, drawing and CAD model. If these items are grouped together t11ey will 

be displayed accordingly in a grouped form. Furthermore there are references to 
items and folders. These are updated automatically when the object being 

referenced is moved. 
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Figure 5 Administration of users and virtual teams. 

Data Formats 
By using widely available web teclmology to implement WebProM it is very 
simple to integrate new data formats. The following list gives the main criterias for 
selection of appropriate data formats for publishing. 

(I) Information availability: The information must be available in the data 
format, either native or by means of converting. If a conversion is necessary, 
it has to be easy, preferably automatic. 

(2) Viewer availability: The user has to be able to display the information. 
Therefore a viewer for that format must be available. For standard formats 
there are a lot of viewers available on various platforms. Viewers for CAD 
data are not that common, but even these are beginning to evolve because of 
increased demand and increased computing power available to the user. 

(3) Convenience: Users must be able to use the environment without much effort. 
So selecting the native data to be published, converting it to the appropriate 
fonnat and then publishing it must be effortless. Even structuring the data and 
setting appropriate access rights has to be easy. Last but not least the handling 
of the viewer must be quick and simple. 

Using web browsers opens a new opportunity called plug-ins. Plug-ins are 
browser extensions that are capable to display one or more special data 
fonnats the browser normally does not support. They come from third-party 
vendors and are easily installed They integrate so tightly with the web 
browser that the user does not notice tl1em other than by the browser's sudden 
ability to display additional data formats like e.g. DXF files. Currently plug
ins are available only on Personal Computers but their availability on UNIX 
workstations can be expected soon. 

(4) Processing ability: Often simple viewing of the data is not sufficient 
especially when accessing data of a current development project. There is t11e 
need to work on that data and maybe even upload the changed data back into 
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the library. Most plug-ins and viewers do not allow this. Because there is 
more functionality necessary to work on the data being downloaded many 
users are only willing to work using their standard applications. 

This imposes severe limits to the use of standard formats because in a 
business environment it is not applicable to download for example an IGES 
file, import it into CADDS 5, change the design, export it as IGES and upload 
it back into the libnuy. This works on a regular basis only in special 
environments where only limited functionality is used (TEAM 1996). 

Publishing data in multiple formats can be an interesting option. CAD 
models for example can be published in VRML because conversion to VRML 
is easy and viewer are widely propagated and additionally they can be 
published in at least one standard format like STEP where viewers are not as 
common as for VRML but the ,value" of the transmitted data is much higher 
than with VRML. 

All these requirements make the selection of appropriate data fomtats very 
diffiCult. Therefore two different strategies are proposed: For public infonnation 
like product catalogues where the audience is not well defined only standard data 
formats should be used because otherwise the viewer availability is wlknown. But 
for the exchange of project related information the audience is known and 
therefore the users' preferences in tenus of applications and their native data 
formats is known. Here the environment becomes more productive when as many 
of the users' day-to-day applications are used thereby minimizing the learning 
curve. In such an environment the use of proprietary data formats is a viable 
option, because there is simply no point in distributing for example text documents 
in Rich Text Format (RTF) when all users are using the same word processor. 
Furthermore for many proprietary fonnats there is no altentate standard fonnat. 

Security 
Access restrictions are based on virtual teams (user-groups) as well as folder 
structures for read and write access. Selected users can access the user 
administration and create new users or virtual teams. 

Furthermore the use of so called security proxy servers allows a secure 
transmission of data through a 1024-bit SSL encryption 9 (Krause 1996). This is a 
very secure encryption in comparison to the usual 40-bit SSL encryption (Netscape 
1995) used in commercial software packages. To provide maximwn security this 
security proxy server has to be combined with a frrewall (Antoine 1996). 

Gateways to existing information 
Gateways to Engineering Data Management Systems (EDMS) and Database 
systems are important to reduce redundancy by enabling the direct embedding of 
information held in private company systems. 

Networks ofWebProM servers 
References allow the linkage of several WebProM servers. So users do not even 
notice which server they access. 
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Figure 6 An Intranet I Extranet WebProM-Installation. 

Architecture 
WebProM is based on TCPIIP-networks and can therefore be used on the public 
Internet as well as on private TCP-IP-based lntranets. This ensures broad 
availability from the network point of view since TCPIIP network traffic can run 
on almost any network architecture. 
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Figure 7 Software architecture of WebProM. 
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The user accesses WebProM through a Java and JavaScript enabled WWW
browser like the Netscape Navigator or the Microsoft Internet Explorer. Data are 
enhanced by Peri-scripts and Java-applications and then published by a WWW
server. 
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Use in industrial environment 

A supplier can use WebProM to publish his product catalogue. Interested users 
can access the public part of the catalogue through a guest account. OEMs can 
access more sensible information like CAD-models or individual price lists 
through a dedicated account. This flexible and cost effective way of providing up
to-date manufacturing information to every customer makes the information 
exchange by ordinary paper catalogues nearly obsolete. The same advantages are 
gained when company internal best-pmctice-, standard-, or similar documents are 
published in WebProM. 

Project data can be managed, distributed and stored by WebProM. Dedicated 
user groups like exteroal project partners and project managers can be granted 
specific read and, if needed, write access in different parts of the data structure. 
This structure can for example contain directories for test reports, milestones, 
inspection protocols, etc. 

To implement a clearance mechanism, an incoming directory can be created, in 
which all project partners can write and store their data files. Project managers or 
dedicated supervisors can then move this data to an appropriated level of the 
project data structure. 

4 REGIONAL CENTERS 
For many small enterprises it is too costly to buy technology like the WCE because 
it is very time conswning to decide which applications and equipment to buy and 
to install and maintain it So it is of huge interest for SMEs to have regional centers 
where they can get in touch with the technology. These regional centers can 
support the SMEs with expertise, workshops, demonstrators, consulting services, 
training and even the option of renting equipment to test the profitability. For 
example in the European TEAM project three regional centers have been 
established in Ireland, Great Britain and Italy. 
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Figure 8 Regional Centers in the European lEAM project (ACTS 070). 
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During the work done in several research projects and the extensive use of WCE in 
different companies several other important topics have been identified where 
more work is needed. 

There is currently no ultimate standard format available, i.e. a format capable of 
replacing all proprietary formats and all other standard formats. An approach 
clearly requiring more research is automatic format conversion. Conversion 
between complex formats requires manual work; tllis includes fonnats for CAD 
data but as well fonnats for text documents. 

There is a clear need of supporting more EDM systems across different 
companies to show companies the benefits of networked environments. 

When a product is described by a product structure this product structure 
currently has to be replicated in several applications throughout the product 
development process. There is yet no way of accessing one unified master product 
structure. 

During research on intranet applications at Siemens Automotive (Wartelle 1997) 
four major deficits have been identified: 
• Virtual private networks are still difficult to set-up and maintain; but there is a 

real need to create secure lntranets in a cost-aware way. 
• Security must be improved, especially the limitation of firewalls to IP traffic is 

a drawback in a network environment where A TM is gaining momentum. 
• Network support for multimedia data streams like the A TM Adaptation Layers 

[N.N. 1996] has to be supported in other network environments as well. An 
approach to this problem is contained in IPv6 (Deering 1996) which will slowly 
substitute IPv4, the current Internet Protocol, during the next years. 
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• Support for the existing flow of infonnation must become better by providing 
more inter-application gateways and broadening the use of standard data 
formats and protocols. 

These comments should not lessen the fact that the technology is already very 
beneficial to real users; and the development is progressing rapidly. 
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Abstract 
The materialization of tbe paradigm of virtual enterprise, altbough enabled by recent 
developments in communication teclmologies and computer networks, requires the definition of 
a reference arcbitecture and the design and development of a supporting platfonn and 
appropriate protocols and mechanisms. Tllis paper describes the approach being developed by 
the European Esprit project PRODNET, which aims at desig1ling and developing an open 
platfonn to support industrial virtual enterprises with special focus on the needs of small and 
medium enterprises. 
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i INTRODUCTION 

Recent developments on commwlications and computer networking infrastructures represent 
enabling factors to support more effective cooperation fonus among comprulies which face the 
cballenge of continuous market scenario changes. T11e formation of a temporary consortium or 
alliance of companies that share skills ru1d resources to explore fast-chru1ging market 
opportunities (NIIIP 96, Walton and Wllickers 96), i.e., a Virtual Enterprise (VE), may give 
small and medium enterprises (SMEs) the opportwlity to reach world class level and some 
degree of independence. The manufacturing process is not carried on by a single enterprise 
anymore. fu a networked orgrulization, every enterprise is just a node tlmt adds some value to tl1e 
process (a step- in tbe nlallufacturing I supply chain). Altl1ough most classic examples of 
networked orpnizations cru1 be found in some particular business domains such as tl1e 
automotive industry, tbis tendency is spreading to many otl1er areas including tl1e food ru1d 
agribusiness industry (Camarinlm 97b). A nwnber of projects, worldwide, are nowadays 
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addressing diJferent aspects of the virtual enterprises. Some of t11e most representative ones are 
the North-American NIIIP and the European VEGA, X.CIITIC, PLENT, LogSME, MARVEL 
OUS and PROD NET. 

This paper describes the current approach and preliminary results being developed by t11e Esprit 
project PRODNET, which aims at designing and developing a reference architecture and an 
open platfonn to support industrial vil1ual enterprises wit11 special focus on the needs of small 
and medium enterprises. PROD NET involves 10 partners from Ponugal (CSIN, Miralago, Estec, 
New University of Lisbon, Uninova), Net11erlands (University of Amsterdam), France (Lichen 
Infonnatique), UK (CIMIO), and Brazil (Fred Jung and Federal University of Santa Catarina). 

2 CLASSES OF VIRTUAL ENTERPRISES 

TI1e virtual enterprise research is a growing multidisciplinary area still lacking tmified 
definitions and tenninology. A nwnber of "competing" tenns, such as CJ~.1ended enterprise, 
supply chain management, electronic corrunerce, etc., representing related concepts or partial 
views, are sometimes mistakenly used as synonymous of virtual enterprise. In fact different 
fonns of virtual enterprises can be found nowadays. As a consequence t11ere is clearly a need to 
classify different perspectives of t11e VE paradigm before it can be properly addressed and 
modeled. In a first attempt in t11e direction of tltis classification, a number of characteristics C.'Ul 

be identified (Camarinha 97a), among which t11e duration, topology, and co-ordination are 
described in this section. 

D11ration. There are alliances made for a single business opportunity and which are dissolved at 
the end of such process, and long tenn alliances tllBt last for an indefinite number of business 
processes or for a specified time span. Typical examples of single business alliances can be 
foUlld in large scale engineering systems, si1ch as, for instance, building a bridge. In ti1e case of 
food industry it is more typical to find long-tenn alliances. 
Topology. Anotl1er way of characterizing a VE, with major impact on requirements specification 
for a supporting infmstructure, is to look for ti1e topology of ti1e network. TI1e most demanding 
case is the one that shows a variable I dynamic natur~ in which enterprises (non strategic 
partners) cail dynamically join or leave ti1e alliance according to the phases of the business 
process or other market factors. But innt."UIY sectors there are supply chains witi1 an almost fixed 
~ (little variation in tenus of suppliers or clients). Anotlier facet related to ti1e 'geometry' 
is the possibility of an enterprise participating simultaneously in yarious networks or being 
committed to a single alliance (exclusivity). It is also important to analyze wheti1er tile VE 
operates in a situation of monoooly or w1der ooen market conditions. 
Co-ordinatWn. In terms of network co-ordination various models can be found. In some sectors, 
as typified by tile automobile industry, ti1ere is a dominant company "surrounded" by a relatively 
fixed network of suppliers <star-like stmcture). TI1e dominant company defines "tile niles of tite 
game" and inlposes its own standards, nmnely in tenns of infonnation exchange. Similar 
examples can be found in tlie agribusiness sector. A different organization could be found in 
some supply cbains without a dominm1t company (democratic alliance) in which all nodes 
cooperate on an equal basis, keeping ti1eir autonomy, but joining titeir core competencies. Once 
a successful alliance is fonned, companies lll.1Y realize ti1e mutual benefits of having some 
common management of resources and skills and ti1ey may tend to create a kind of conunon co-
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ordination structure Cfedemtion). There are less real life examples of fedemted stmctures, but it 
will not be swprising if the market dynamics forces SMEs to embark in such deeper co
ordination alliances. Both related to topology and coordination is tbe aspect of visibility scope, 
i.e., "how far", along the network, can one node "see". In many cases a node only sees its direct 
neighbors (suppliers, clients). TI1at is tbe case of most supply chains. In more advanced 
coordination situations, a node might have some visibility over oU1er (non direct) levels. 

3 REQUIRED FUNCTIONALITIES 

Let us now have a closer look on the basic functionalities required to support an industrial VE 
(Camarinba97a, Msannanesb97). 

3.1 Information related functionalities 

The following aspects IUlve to be considered: 
-Information flows and types: frequency, amount, actors, which takes the initiative, classes 
{commercial, technical, quality-related etc.), broadcast or point to point flows, etc. 
·Shared infonnation: catalogues update and access rights, n1arket infonuation etc. 
Interactive electronic catalogues and multimedia based shopping vehicles are becoming more 
and more important and are likely to become a fundamental component of a VE infrastructure. 
As the number of end COllS\Imcrs with access to computer networks increases, besides tlle 
members of the network, the access to such catalogues will be granted to an undetenuined 
number of "visitors" I clients (home-initiated electronic transactions), witl1 different rights tlw1 
the VE members. Another ·exru.uple of shared infonuation can be market data. For instance, in 
tl1e agribusiness sector it is important to have access to worldwide statistics and forecasts on 
crops production .. 
-Electronic Trading Posts. Some experiments are already available in tenus of using Intemet
based "blackboards" for post product offers I buyers notices. More recently some more "active" 
marketing mecllBnisms ("push teclu1ology"), tbat take the initiative to forward t11e information to 
potential clients, are being experimented. On t11e oU1er lwui, t11e electronic links also create an 
opportunity for a much lllOre responsive clwmel for end user registration and feedback, service 
and post-sale support 11180 the traditional mail and phone systems. 
-~ Some of tile most obvious problems requiring a solution are: Access rights and 
firewalls, privacy and enayption, autbentication, validation and auditability. 
-Otl1er infonuation related services: browsers, monitoring orders etc. 
Fax or otl1er non-electronic media lead to a non-effective monitoring of t11e orders' status. Delays 
in orders processing, temporary incapacity of a supplier, changes in not completed orders, t11e 
need to re-adjust delivery times, etc., are some factors that point to t11e need for a more flexible 
and reliable interciUlnge of information. Tile implementation of a truly Just-In-Time philosophy 
requires an infrastructure that supports stronger clients • suppliers interactions. 
-Formats and protocols. TI1e extensive use of EDI standards, instead offax, is becoming a reality 
for lite interchange of commercial documents, like orders. A major difficulty comes, however, 
from the existence of various versions of an EDI standard, The adoption of STEP for t11e 
exchange of electronic product model data tlrroughout the product life-cycle is essential for flow 
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of technical data between nodes. For other types of infonnation a standardization effort is 
necessary. Inter-operability between the various standards employed is also a requirement. 

3.2 Materials related fundionalities 

A second class of functional requirements is related to materials flows. It is important not to 
confuse the flow of infonnation across the network with tl1e flow of products and services 
through the supply chain, although tl1e two aspects might be inter-related. Some required 
functionalities include: 
-Logistics Transportation. inventory and warehousing planning Tilis includes route planning, 
vehicles I crew assignment, distribution sequencing, etc., i.e. all activities wllich provoke 
materials flow between a point of origin and a point of consumption (Pfohl 96), including tl1e 
subsets supply logistics, production logistics, distribution logistics and waste logistics. 
-Materials flow management Identification, representation and monitoring (according to orders 
flow and status) of all materials flows within tlte network. 
·Forecasting The use of electrorlic links to tmnslnit infonnation from points of sale to production 
units and suppliers, combined with historic data, will allow the implementation of forecasting 
functions. 
-Specific information flows related to product (bar coding, Point of Sale • POS information) In 
particular it is important to wtderstand and coordinate tlte interactions between materials flows 
and infonnation flows. 

3.3 Advanced functionalities and requirements 

Once an effective electronic interlinking infrastructure is established, it is natural to expect a 
growth in the nwnber and level of associated services. As tl1e process of alliances (federation) 
fonnation among enterprises is a very competition-sensitive one, a step by step creation 
approach and trust building is tlte most adequate one. Building confidence and reliability 
requires experience of co-operation and a clear demonstration of the existence of benefits for all 
parties. Some early experiments and recent proposals suggest a nwnber of future f1mclional 
improvements in the VE arcllitectures. Let us consider some examples (Camarinha97a): 
Co-ordination. A joint coordination of activities and resources for a more global optirnization 
may be an important step towards a federation-style of network coordination. Tilis will include 
topics such as: Workflow related services; Distributed scheduling; Definition of roles I 
assignment of responsibilities; and Collaborative engineering (concurrent engineering over tlte 
network). 
-Creation I Configuration. Fwtctions to help tlte fonnation of a VE, including partners search, 
decision support tools to help the negotiation process and all tlte dynamics associated to tlte 
joining /leaving of enterprises (definition of roles, duties, rights). 
-Characterization by •area• of the network (i.e., position in the value chain). The behavioral 
patterns of sub-networks may vary depending on tltei.r position along the value chain or even 
their geographical location. Titere are "areas" tlmt are relatively stable and share some crucial 
information (strategic partners in tlte network) and otlter "peripheral zones" tlmt are much more 
volatile and involving lower levels of interaction. 
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-Re-organization and training. Tools to support tile internal re-organization I business processes 
(BP) ~ngineering and baining of people. 
-Configuration tools. Configurability is a must for any supporting platfonn as we may face many 
dift'erent organizational structures and not a single VE profile. 

Also, as some levels of trust, based on personal relationships, may dynamically change (based 
on reputation), configuration tools must support this dynamism. Figure 1 tries to organize tile 
identified functionalities by levels. At the bottom level there are the most basic ones. 
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Figure 1 - Some of tlte basic and advanced VE supporting functionalities 

4 PRODNET'S APPROACH 

4.1 General aspects 

I 

~ a basic requirement for an infrastructure to support VEs, it can be pointed out that the 
companies must be able to inter-opemte and exchange infonnation in real time so that tltey can 
work as a single integrated unit altltough keeping tlteir independence I autonomy. It also has to 
be taken into account that legacy systems were not designed witll tlte idea of directly connecting 
to corresponding systems in otlter enterprises. Typically, enterprises pre-exist before tltey decide 
to join in an infonnation sharing and exchange network. Consequently, every enterprise is 
autonomous, developed independently of other enterprises and uses distinct infonuation 
management and control strategies tlmt serves its purposes best. The situation is Oms one of 
great heterogeneity and requiring adaptation of existing production planning and control systems 
(PPC) to electronic linking. However, for tltese enterprises to coopemte, on one hand tltey need 
to share and exchange ·a part of tlteir infonuation witl1 tlte otlters, and on t11e otlter ll8lld every 
company would like to preserve its local autonomy. Furthenuore, distinct enterprises have 
distinct and often contradictory views and semantics associated witil the infonuation tl1ey store. 
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To support this environment the PRODNET infrastructure will include two main modules for 
each node (enterprise) in the network: Internal Module and Cooperation Layer (Fig. 2). Tite 
Internal Module represents Ute autonomous wtit of a particular company. It includes the 
complete structure of Ute company's infonnation (databases, infonnation systems, etc.) and all 
the internal decision making processes I enterprise activities (internal PPC and engineering 
systems). Tite Cooperation Layer (Fig. 3) contains the functionalities for the inter-comtection 
between the company and the whole net It represents the commwtication and coordination role 
and works as the interlocntor of the company witltin tlte net As a first approach, litis module 
functions as a buffer of information input I output (represented by EDI, S1EP, Coordination 
lnfonnation, etc. sub modules) between tlte enterprise and tlte network. 

Our aim is that "nodes" exchange infonnation, but at tlte same time, there is a guarantee tltat 
existing systems may run independent from tlte network. Namely, altltough tltere will be joint 
cooperative infonnation exchange witltin tlte network, each node can keep its privacy and 
independence. 

One of the necessruy components is a kind of Coooeration Controller (PCL) Utat coordinates Ute 
interactions witll oilier nodes in tlte network. Some of tlte advanced fmtctionalities are strongly 
dependent on several non-teclutical factors. For instance, global VE coordination f1mctionalities 
depend on the level of cooperation and tmst acltieved or desired by the enterprises. For some 
oUter functionalities there are already some tools on Ute market or solutions are being developed 
in various projects. TI!Ilt is the case, for instance, of logistics plamting. forecasting or 
collaborative engineering tools. Titerefore, and taking into acco1mt tlte available resources, tlte 
PRODNET consortiwn is not addressing all these topics. Instead, a subset of functionalities are 
being developed. including: 

• Excl!llllge ofcomntercial data (EDIFACT). 
• Excl!llllge of teclmical product data (STEP). 
• Orders status monitoring. 
• Quality related infonnation exchange. 
• Common infonnation system supporting. not only adntinistrative infonuation about Ute VE, 

but also all the infonnation a node (enterprise) decides to make available to Ute network. 
• Coordil111tion modnle tlmt handles all cooperation related events (execution of a local work 

flow). 
• Configurator, allowing tlte definition and parametrization of the VE and Ute behavior of Ute 

particular node. 
• Extended PPC system, adapted to interact with a VE enviromnent and including Ute 

111all.c"lgement of incompletely and imprecisely specified orders (along their life cycle). 
Additionally, tlte usefulness and implementation feasibility of some more experimental modules 
on advanced coordination functionalities will be investigated: 

• DRP - Distributed Resources Plmming. 
• Negotiation support system to facilitate partners search and tlte contractual processes 

during tlte fommtion of a VE. · 
• Malmgement of a contracts data base. 
• Electronic catalogue mtd its supporting services. 

In tenus of software organization (Figures 2e,3), some of Ute mentioned fimctionalities (EDI, 
STEP, Cooperation lnfonuation, network directories, etc.) deal wiU1 basic cooperation services 
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and wiD be included in the PRODNET Cooperation Layer. Otller functionalities, like orders 
management, are intrinsically associated to the PPC system and wiU be included in Ute Intemal 
Module. Finally, the more advanced coordination functionalities will be considered as separate 
modules. out of the Cooperation Layer, but in strong interaction witl1 il It shall be noticed tllat 
not all enterprises wiD be interested in all functionalities. Moreover, the various functionalities 
·can be enabled or disabled according to a set of configuration parameters. 

4.2 PRODNET Cooperation Layer 

As mentioned before. tbe PROD NET Cooperation Layer (PCL) contains the basic functionalities 
for the inter-connection between ti1e company and ti1e whole net It represents tite 
communication role and works as ti1e interlocutor of tite company wi.Ulin Ute net 

The main components of titis module are: EDI component. STEP component, Distributed 
Infonnation Management System (DIMS), Comnumications component, Autitentication and 
safety modules. External Messages class identifier, Configuration component (CONFIG), Local 
coordination component, and Human Interface (HI). 

Figure 2 General structure of a 
PRODNET node 

PCL 

Figure 3. Main components ofPCL 
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EDI Component This module is responsible for receiving and fonnatting orders
related messages in EDIF ACf fonnat. Among its function.1Iities, it will check I 
parse EDIFACf syntax (for various versions of the standard), check for 
completeness of messages contents, and generate appropriate fonnats for sending 
out EDI messages. It will also detect and extract EDI messages embedding 
infonnation represented in other fonnats, such as a STEP specifications associated 
to an order. 
STEP Component. The STEP module's function is to handle the teclmical product 
data used within PRODNET. Ideally all product data should be exchanged in 
STEP fonnat The STEP services provided to PRODNET will allow for the 
transmission and reception of STEP files that have been clear text encoded 
according to a defined schema; as described in Part 21 of the STEP standard. It 
should also be possible to query that STEP data held within PRODNET by the 
usage of the Standard Data Access Interface, SDAI, defined as part 22 of ISO 
10303. 
DIMS - Distributed Information Management System. The Distributed 
Infonnation Management Subsystem in the PRODNET Cooperation Layer is 
responsible to model and manage all cooperation support infonnation 
(Afsarmanesh97), such as: 
-Node Self Information: infonnation which is controlled and managed by the node 
itself, e.g. enterprise profile, infonnation which tlte node wants to make available 
to the network, local information such as part of a workflow plan, etc .. Any part of 
this infonnation can only be accessed by authorized users. The Self Infonnation 
also contains a part of tl1e local infonnation at PPC, tltat PPC decides to move into 
tlle PCL partly for being used within the local PCL and partly for sharing witlt 
other nodes. 
-Node Acquaintance Information: infonnation tltat needs to be accessible from 
oilier enterprises for this node's intental purposes. For exantple, general profile of 
other enterprises which can become potential partners in a VE, or information 
which can be specifically acquired from a close sister enterprise. 
-Virtual Enterprise Information: tl1is category refers to all tlle infonnation which is 
associated with a VE, such as VE configuration infonnation, control and status 
infonnation for tlte VE coordinator, infonnation to support the cooperation 
between tlle enterprises in a VE, etc .. 
The implementation of DIMS follows the federated database paradigm. 
Communications. Tit.is module is responsible for handling all communications 
with tlte other nodes in tlte network. It includes function.·llities such as: Selectjon 
of communications protocol and channels; Basic commwt.ications management; 
Privacy mechanisms (cryptography); and Tight interactions (direct charmels) 
between nodes. 
Authentication and safety. This module is responsible for the implementation of 
safety and autllentication mechanisms, at the VE level. It has to check access 
rights, ltandle keys management. etc. 
External Messages class identifier. As different classes of messages, coming from 
tlte network, can arrive at tlte PCL, tllis module will try to identify them in order to 
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facilitate its internal assignment Examples of such classes are: EDI messages, 
STEP messages, general PRODNET messages, DIMS queries, etc. 

PROONET CoopeWion Layer 
(other func:tionalities) 

Figure 4 Commtmications infrastmcture 
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Figure 5 Interactions with the PCL 

It shall also be noted (Fig. 5) that PCL has to interact not only with nodes having a 
similar PCL but also with foreign cooperation layers. At the moment, for foreign 
cooperation layers, only standardized information messages (ED IF ACT and STEP) 
are considered. 
Configuration Component The PROD NET platform is intended to support a large 
diversity of enterprises and intercmmection modes. This means a large 
heterogeneity in terms of available I installed services and desired management 
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procedures. For instance, some companies may want to use all communication 
functionalities and standards, whilst others may be interested in using mainly EDI. 
Some companies may want a strong human-based control of the interactions 
process, whilst others may prefer a more direct channel to the PPC system. 
Therefore it is necessary to specify the desired cooperation behavior in an explicit 
plan (each enterprise has to define its particular activity flow plan) that will be 
"executed"/controlled by the Local Coordination Module. Additionally, the 
Configuration Component will allow a manual specification of the structure of the 
VE and the access rights of all its members. 
Local Coordination Module. This component is the "executor" /controller of the 
activity flow plan defined by the Configuration Component (a kind of workflow 
engine). In other words, it is responsible for the behavior of the PCL and interacts 
with all the other modules. It handles all Cooperation Events according to the 
specified rules for the particular enterprise. These events have an asynchronous 
nature and are provoked by other nodes of the VE, by the Internal Module of the 
enterprise or by the Human Interface. 
Human lnteiface. This component assures an interface between the human 
operator (responsible for the interactions with the VE) and the PCL. As mentioned 
before, the level of human intervention in tllis process will depend on the policy of 
each company and will be specified at the configuration phase (configuration and 
workflow plan). 

4.3 Main PPC functionalities 

According to PRODNET the main ftmctionalities required from a PPC system 
suited for the needs of a SME are: Industrial Logistics Management: i) Orders flow 
management, Product data management, Sales Forecasts handling, Actual 
Requirements Planning; ii) Master Production Scheduling; iii) Production Control; 
iv) Quality Control/ Tracking; v) Industrial Costing. The "gray boxes" in Fig. 6 
represent extensions or components of the PPC system that need major re
engineering in order to integrate it into a VE environment. 
Mappings. TIJ..is module is responsible for the interface between the PPC system 
and the PCL, using the PROD NET lntemal Communication Protocol. Such kind of 
interface has to be developed for each legacy system the company wants to connect 
toPCL. 
Orders management Orders management is one of the most important 
functionalities of the Virtual Enterprise. This component is mainly influenced by 
EDI connections and the possibility of receiving direct inquiries about orders status 
from other nodes (clients). An explicit state transition diagram has to be kept for 
each order, however tlus infonnation cannot be kept in tl1e PCL DIMS. Therefore, 
the PPC system must be prepared to answer queries about tl1e orders states conling 
from PCL. Additionally, teclmical product specifications may be associated to an 
order and received also electronically. 
On tl1e otl1er hand, it is PRODNET's intention to handle orders t11at, at a given 
stage, nlight be incompletely or imprecisely specified. All the dynamics associated 
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to an order, namely the process of receiving further infonnation to complete it. 
needs to be defined in a good interaction with tlte PCL system. Let us consider an 
example of an order for a car model X, where it is possible to specify particular 
features (optional chmacteristics), like tlte type of engine, tlle color, etc. An 
incomplete order is one which does not include all required product details. An 
order could, for instance, simply specify a car model X. If an order like tllat is 
received then it is possible to start immediately tlte production of the chassis, tlle 
doors, etc., independently of the missing information about complementruy 
attributes. This process continues tmtil all details about tlle required product are 
specified. An imprecise order is an order in which tlle value of some attribute is 
not missing but it is specified in a vague way. For instance, in tlte car example, tlte 
attribute color, in the initial specification, could say "darlc: color" or "one of blue, 
black, green". Only later on tllis attribute would get a specific (precise) value. 
Another example of vagueness could be on tlte quantity. An order could specify a 
tentative amount of between 100 and 120 tmits (to be continued later). New 
"orders" (or messages) are supposed to arrive in tlte future complementing tlte 
missing attributes in tlte "original" order (tltese orders are not really new orders but 
additions to the original one). Tlms they should be associated to tlte original one 
(logically merged). 
Besides the exchange of the order itself, using an EDI standard, tlle order has to be 
followed up in order to cope with, for example, delays in orders processing, 
temporary incapacity of a supplier, changes in not completed orders, tlte need to re
adjust delivery times, and so on. A client node might even want to know details 
about the manufacturing state of the ordered products in order to prevent any 
difficulties for itself. Tllis requires an infrastmcture tltat supports a stronger clients 
-suppliers interaction. One important aid to orders management is tlte order's state 
transition diagram (Fig. 7). Such diagram can be used to obtain a "snapshot" of tlle 
life cycle of any order circulating inside a company. This diagram could also 
facilitate the follow up of an order during its execution. 
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Figure 6 Major changes to a PPC system 
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new order -e 
Figure 7 Order's state transition diagram 

Quality information management. The extended PPC system will include 
functionalities to manage the basic infonnation needs for a standard (ISO 9000) 
quality system (inside the company). At network level, the situation is more 
ambiguous as there is no standard yet. Nevertheless, new legislation regarding 
responsibilities for components included in a product will provoke an increasing 
demand for such infonnation to be exchanged at network level. 
In the absence of standard definition of the contents and structure of quality related 
infonnation to be exchanged between nodes in the VE, the following principles are 
proposed: 
-The report will have a free fonnat [to be agreed between interacting nodes]. 
-Two levels of reports are foreseen: 

i) One related to the value added by the particular enterprise. Examples of 
infonnation: Who has supplied the rnw materials I components; Quality 
certification infonnation; Identification of production batch, production history; 
Rejected parts in this production batch; Other production statistics; etc. 

ii) Another level with "tracing" information related to components used by 
the enterprise but supplied by other nodes. 
-The access to quality infonnation will be provided on request. 
It doesn't make sense to have tllis infonnation stored on DIMS: it might be a huge 
amount; it can even be stored on llistorical backups [not on-line]. Therefore, only a 
"log" of requests and trnce of answers will be stored in DIMS. 

PPC imitator. In some industry sectors, some enterprises interact with dozens of 
very small suppliers (subcontractors) that don't even have a PPC system. It would 
be however very convenient to integrate these suppliers in the VE supporting 
infrastructure. This would mean install in such small companies a PC with the PCL 
module. But in this case, due to the lack of an installed PPC system, it will be 
necessary to develop a small software module (PPC imitator) that supports manual 
introduction of the information requests coming from the network via PCL. 
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4.4 Advanced Co-ordination Functionalities 

As mentioned before, the co-ordination aspects of a Virtual Enterprise, although 
important. still face many open questions, some of them of a non-teclmological 
nature. For instance, the legal barriers and the need for re-organizational changes 
implying retraining of people and new roles assignment (new power structures i) 
take time to implement and require a very careful approach. On the other hand, the 
development of advanced inter-network co-ordination mechanisms and safety 
procedures has to be accompanied by tmst building actions, an area whose exact 
evolutionary shape is hard to anticipate at current stage. These uncertainty factors 
recommend a step-by-step approach instead of an ambitious general infrastructure 
development approach as followed by some other projects. Therefore, PROD NET 
will follow two complementary approaches: 
1. A miniinal coordination level, mostly based on human decision making, is 
included in the PCL. 

2. A set of experimental components on advanced coordination mechanisms 
will be investigated: 
Decision support system for VE partners search and n£.>gotiation. Including: 
Public announcements (over a network), Use of electronic commerce services, 
Industrial associations as directories of suppliers, Negotiation, Legal consortia 
formation. 
Management of contracts data base: Contracts with suppliers, Derivation of 
parameters for tbe local controller. 
Electronic Catalogues: Link to the bidding process, link to WWW I visualisation 
and browsing. 
Distributed Resources Planning (DRP): Abstraction level higher than MRP 
activity to be done at network-wide level. 

5 CONCLUSIONS 

This paper presented an attempt to classify virtual enterprises according to the 
dumtion, topology and coordination perspectives and to identify the required 
functionalities for a supporting platfonn. The structure of the platfonn being 
developed by tbe Esprit project PROD NET was described and a cllaracterization of 
its main blocks were made. Major open questions, requiring further investigation, 
are related to tbe advanced coordination functionalities wllich depend on the level 
of integration I federation the companies participating in a virtual enterprise decide 
to achieve. On tbe other band, it is important to note that the concept of VE raises 
new requirements in terms of methods and contents of work and the skills of the 
human resources involved. Therefore, the social and re-organizational aspects have 
to be analyzed togetber with the teclmological developments. 
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Abstract 
Globalization is one of the most important and dynamic changes in the last 
decades. Companies can globalize in different ways, such as: exporting, licensing, 
starting a production activity abroad. During the last few years, there has been an 
increasing number of companies choosing to globalize by starting a new plant 
abroad. Moreover, most models presented in literature are difficult to implement 
in real situations, mainly due to the following reasons: ( 1) many models do not 
manage both quantitative and non quantitative information together; (2) in 
globalization decisions a large number of elements are involved and their 
relationships are complex and difficult to model mathematically; (3) some models 
are crispy: they divide alternatives into good and bad, giving no idea about their 
degree of "goodness". In this paper a Fuzzy Logic based Decision Support System 
that avoids these drawbacks is presented, and an implementation of the system in 
an European company that was undertaking a decision process for transferring 
abroad some production activities is described. 
Results show the usefulness and effectiveness of the proposed tool. 

Keywords 
Fuzzy logic, globalization, production systems 
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1 INTRODUCTION 

Over the past 15-20 years globalizations increased tremendously: richest markets 
attract competitors from all over the world and this caused an intensification of 
the competitive pressure. In order to cope with this situation, many companies 
adopted a combination of the following two approaches (Fawcett, 1993): (1) to 
improve their internal manufacturing competence through the adoption of TIT and 
TQM principles; (2) to develop coordinated global manufacturing networks to 
take greater advantage of available worldwide resources. 

Despite the tremendous relevance of the globalization of production activities, 
very little research work has been carried out on this subject, compared with nr, 
TQM and other approaches to improve internal competitiveness of the company 
(Portioli and Sianesi, 1993). 
Globalization is such a complex process that it cannot be addressed as a whole, 
but rather has to be approached hierarchically. In Iskra et al. (1994) a literature 
review of globalization models is presented, and a decision process is proposed 
that utilizes different models at different hierarchical levels. In particular three 
hierarchical levels can be identified: at the first level the main issue is about what 
area of the company to globalize (Purchasing, Manufacturing, R&D, 
Distribution), and De Toni et al. (1992) proposed a model to support such a 
decision. If it has been chosen to globalize part (or all) of the production activities, 
models such as those proposed by Fawcett (1993), McGrath and Bequillard 
(1989), and Ferdows (1989) help in identifying the strategic role of the overseas 
activities. Finally, the third level concerns the location of the production activities, 
and Van de Ven (1993}, Vos (1991) and Haug (1992), proposed decision models 
to help companies in identifying the best location, minimizing such costs as 
production cost, transportation cost, investment cost, etc.. taking into 
consideration also issues as the transportation system of the target country, its 
political stability, etc. 

As for this third level, most of the models presented in literature are difficult to 
implement in practice because of three tnain drawbacks: 
1. many models have difficulties in managing quantitative and non quantitative 

information at the same time; 
2. globalization decisions involve many different elements, linked by complex 

relationships, that are difficult to model mathematically in a satisfactory way; 
3. some models (e.g. all those based on LP) present a black and white solution, 

where the optimal alternative is selected (white) and all the others are black, 
giving no information if, for example, the second one is a very close one, or a 
much worse one. On the contrary managers for their decisions would 
appreciate better a tool that indicates the degree of goodness and badness of 
alternative solutions, so they can improve the solution by taking into 
consideration other elements also. 
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Moreover, most of the models presented in literature do not explicitly help to 
identify what part of the production system to transfer, but they rather take as 
given that information. 

Therefore, in this paper a Fuzzy Logic (FL) based Decision Support System 
(DSS) that captures qualitative aspects, allows to easily and quickly model 
relationships, and supplies information about the goodness of the alternative 
solutions, is proposed. Besides, this DSS explicitly addresses the issue of which 
products, and which steps of their production process to transfer abroad showing 
the usefulness of this tool. 

The proposed DSS has been implemented in a European middle sized company 
and the results have been compared with the ones yielded by their traditional 
decisional process. 

The reminder of the paper is organized as follows: in Section 2 the proposed 
DSS is presented, in Section 3 its implementation in a real case is described and 
in Section 4 the results of the proposed DSS are analyzed. In Section 5 
conclusions are given. 

2 THE PROPOSED DSS 

The decisional model proposed is characterized by the following steps: 
1. analysis ofthe products and of the processes; 
2. ordering of alternatives; 
3. identification of alternative worth in further investigation; 
4. quantitative evaluation of alternatives and final choice. 

In the following sections each step will be described. 

1.1 Analysis of products and processes 

At this step products are analyzed in order to identify the ones that can give more 
advantages if their production is transferred abroad. For this analysis three classes 
of elements are taken into consideration: market issues (e.g. evolution in the 
demand, position in the product life cycle, distribution and selling characteristics, 
etc.), cost issues (e.g. cost distribution among manpower, raw material, etc.), and 
physical characteristics (weight, dimensions, number of components, etc.). 

Besides the analysis of the products, an analysis of the production processes is 
necessmy. All the processes carried out by the company are broken down into 
activities (steps of the production process), that are then classified on the basis of 
a portfolio analysis along two dimensions: effectiveness and efficiency (Figure 1) 

A competence activity is an activity that the company carries out efficiently 
thanks to its competence. 

A core activity is an activity that is cardinal for the market performances of the 
company (thanks to this activity the company is more effective on the market). 
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Effectiveness 

Standard 
Process 

Figure 1: portfolio analysis 
Efficiency 

A core competence activity is an activity that is both cardinal for the market 
perfonnances of the company, and is carried out efficiently. 

A standard process is a process that is neither peculiar to neither tl1e company, 
nor it is carried out more efficiently than by the competitors. 

Non core activities can easily be transferred abroad, or even given to other 
companies (suppliers or subcontractors) that are more efficient in carrying them 
out. On the contrary, core activities are the one that the company has to 
concentrate on and to tightly control. 

This kind of portfolio analysis is well known and it is always included in the 
decision models for globalization. What it is often overlooked is an analysis about 
links and interactions among activities. In fact, besides a portfolio analysis a 
cluster analysis is necessary. Sets of activities are considered to identify 
technological constraints (for example two activities that are to be perfonned in 
close sequence because of the high temperature of the material) and 
organizational constraints, in order to identify clusters of independent activities 
(independent clusters). In fact, it is necessary to take into consideration for 
transfer, not the single activity, but an independent cluster. 

Transferable clusters are, tlterefore, independent clusters (i.e. do not have any 
core activity), that the products analysis has shown to be potentially profitable to 
transfer abroad. 
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Once the set of transferable clusters, and the set of alternative cow1tries, are 
identified. the next step is to order the combinations of clusters and countries, 
according to their "goodness". 

l.l Orderin& of alternatives 

As it has been stated above, for the managers it is much better to have all 
alternatives ranked on a scale, than just having the best one identified. 

The problem is to choose the right scale. 
Two main factors affect the goodness of the choice of what to transfer abroad 

and where: (1) adequacy to the transfer, and (2) fulfillment of the company's 
objectives. 

Adequacy to the transfer is very difficult to estimate, because it is due to many 
different aspects, most of which are not quantifiable. In particular we have taken 
into consideration: 
• technical complexity; 
• affinity with non transferable functions; 
• additional costs; 
• distance from the market. 

Each of these categories is further detailed in subcategories. For example the 
technical complexity is divided into product complexity, process complexity and 
environmental conditions. Each transferable cluster is given an evaluation on each 
one of the subcategories, for each alternative country (or location, if more than 
one alternative is considered for each country). In fact, such evaluation is strongly 
location dependent For example, a production process can be evaluated with a 
high process complexity, if the location under consideration is China, but with a 
medium process complexity if the location under consideration is the Czech 
Republic, because of the different technology development and average manpower 
training of the two countries. 
All these subcategories are difficult to quantify and are linked one another by a 
complex relationship that is impossible to represent mathematically. A lexical 
description is much easier, much faster, and even closer to reality. Therefore, a FL 
model has been developed to capture this capital aspect (managers can easily 
describe these relationships by means ofiF .... THEN ... statements). 

On the contrary, as for the fulfillment of the company's objectives, a multi 
objective function has been preferred, because it allows a straightforward 
understanding and more transparency. 

The objectives of a company when transferring part of the production abroad 
can be one or more of the following (Ferdows, 1989): 
• access to low cost production input factors; 
• proximity to the market; 
• use of local technological resources; 
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• control and amortization of technological assets; 
• pre-emption of competition. 

Each one of these objective has been further detailed (e.g. low cost production 
input factors are: raw material, energy, money, manpower) to help in better 
estimate the value, for each transferable cluster and each alternative country. Each 
company sets the weights for the objectives so to get a customized overall 
objective function. 

2.3 identification of alternative worthing further investigation; 

By means of step 1 and step 2 we obtain the position of the different alternative on 
the scale of the adequacy to the transfer, and on the scale of the fulfillment of the 
company's objectives, for each country. It is therefore possible to chart the 
transferable clusters on a two dimensional diagram (Figure 2) 

Fulfillment of the company's objectives 
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Figure 2: Example of the valuation chart for alternative transferable clusters for a 
certain country. 

Alternatives in position 3 present a high value for both fulfillment of the 
company's objectives and for the adequacy to transfer, and so deserve further 
analysis. On the contrary, alternatives in position 1 can be disregarded because are 
difficult to transfer and give a low contribution to the fulfillment of company's 
objectives. Also, alternatives in position 4 have low interest. Finally, alternatives 
in position 2 could cause difficulties if transferred, but could yield a large 
advantage to the company if the transfer is correctly implemented: they can be 
seen as opportunities that require particular attention and need a deeper analysis. 
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2.4 quantitative evaluation of alternatives and final choice. 

For the alternative that the previous step has shown worth further consideration, 
an investment analysis is carried out in order to have monetary data also. The 
amount of the investment necessary is evaluated, the cash flows are estimated and 
a financial plan is formulated to decide which alternative to actually implement, 
and when. This is a standard analysis, and therefore it will not be further 
described. 

The proposed DSS has been first tested for internal consistency by applying the 
model to different benchmark situations (cases with well defined characteristics, 
for which the good solutions were known and clear). Then, it has been 
implemented in a real case, that is described in the next section. 

3 THE GLASS-WORKER COMPANY CASE 

The Glass-worker company (for confidential reasons we use a fictional name) is a 
middlesized European company, that employs about 800 workers, with a turnover 
of about 140 million dollars a year. The industries it works for are: Glass, 
Optoelectronics, Quartz and Automotive. The Glass-worker produces some 15% 
of the world market of capsules for electronics devices (e.g. electronic airbag 
sensors), and some products show a relevant increase in the turnover. 

The market was facing an increasing degree of competition, mainly due to the 
entJy of new Asian competitors offering similar products at lower costs. The 
management had decided to respond by transferring abroad part of the production, 
so they started to analyze the problem and evaluate different alternatives. 
After a first analysis, the alternative countries taken into consideration are: China, 
Czech Republic, and Malaya. 

After 8 months the decision process was almost at the end, so we thought it a 
good opportunity to undertake a parallel process with other managers of the 
company, adopting the proposed tool, in order to prove its practical feasibility and 
its advantages over the traditional one. 

The products analysis and the process analysis have allowed as to identify the 
products that could get considerable advantages if transferred abroad, and the 
clusters that do not contain any core activity. A furtlter constraint set by the 
management is that a transferable cluster must contain all activities necessary to 
complete an end product, or a component tltat is sellable (i.e. that is not only for 
internal production, but tltat has its own market). Therefore, in this case a 
transferable cluster is also identified by the item it realizes (Table 1 presents the 
items corresponding to the transferable clusters). 
Then a manager of the Glass-worker was asked to use the FL based software for 
determining the adequacy to transfer of the transferable clusters, for each one of 
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the 3 alternative countries, indicating a value of very low, low, medium, high, 
vecy high. for each of the subcategories building up the adequacy. 
As for the fulfillment of the company's objectives, management gave the weights 
shown in Table 2. 

Table 1: Transferable clusters/items 

Number 
1 
2 
3 
4 
5 
6 
7 

Glassdust 
PRforReed 

Description 

Transistor TO 51 T039 
DIP-Socket 
SQ-Floor 
Top of Actuator for CFZ 
Top of Actuator for Sensors 

Table l: Objectives' weight for the Glass-worker case. 

Objective 
access to low cost production input factors 
proximity to the market 
use of local technological resources 
control and amortization of technological assets 
pre-emption of competition 

Weight 
0.8 
0.2 
0 
0 
0 

Code 
AZ851 

WQ882 
ZA854 

KW850 
WF870 
XS863 
KB866 

All transferable clusters have been taken into consideration according with this 
overall objective function and an evaluation chart has been derived for each 
country. In Figure 4 the Czech Republic's evaluation chart is reported. 
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Figure 3: the valuation chart for alternative transferable clusters for the Czech 
Republic 

From the chart it can be seen that items 2, 3 and 4 should be transferred, item 5 
has a lower priority (it fulfills less the company's objectives), but it is interesting 
also, and should give little problem if transferred. Item 6 would give a great 
advantage if transferred, but has also a low adequacy to transfer, this is due to its 
high affinity with non transferable functions (in particular frequent and intense 
infonnation exchange with the R&D). 

Comparing the evaluation charts for the different countries it can be seen that 
the Czech Republic is the one that yields the best values. The main reasons can be 
found in that, on the one hand China has higher transportation costs, low quality 
standard for raw materials and does not have an internal market for the items 
considered. On the other hand, Malaya has a heavier fiscal policy, and a harsh 
environmental regulation, that would require costly additional investments. 

At this point results have been compared with the one achieved by means of the 
traditional decision process. 

4 ANALYSIS OF RESULTS 

The Glass-worker company's traditional decision process had selected for 
transferring items 3, 4 and 6. A deeper analysis has been carried out together with 
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the Glass-worker company's management, in order to understand the reasons for 
the differences: 
l. the proposed DSS suggests item 2 as a good one to transfer, but the Glass

worker's management notices that it is an item that in the near future will be 
replaced by a new one, adopting a different technology. This aspect would 
have been captured in the quantitative analysis, when estimating the cash 
flows; 

2. items 7 and S had not been selected for transfer by the Glass-worker's 
management because improvement in performances was mainly pursued by 
cutting production costs (0.8), while proximity to the market and the 
opportunity to increase sales was not considered very important (0.2). 
Therefore, in meeting after meeting all choices discussed, focused more and 
more on costs (''it is not possible to keep in mind always everything: you have 
to focus on main points"). Nevertheless, particularly item 7, showed a great 
selling potential, thus increasing significantly the fulfillment of the company's 
objectives (the weight of the objective is low, but the selling potential of 7 is 
very high). The proposed DSS, unlike the traditional process, had no problems 
in considering also low priority objectives, thus allowing the capture of more 
opportunities. The Glass-worker company's management accepted the 
suggestion of the FL tool and added item 7 to the pool of items to be further 
considered for transferring. 

3. item 6 has been selected for transferring by the Glass-worker's management, 
but the proposed DSS highlights a low adequacy to transfer (because of its 
affinity with non transferable functions). The management agreed with the 
results of the DSS. They decided to confirm transfer of item 6, but to launch a 
study to activate all possible actions so to guarantee the intense information 
transfer that the proposed DSS highlighted to be necessary (e.g. electronic 
connections with the new site, video conferencing, pc networks, etc.). 

When compared with the traditional Glass-worker company's decision process, 
the proposed DSS shows to be more structured and allows making explicit 
relationships among characteristics that otherwise could remain unexpressed and 
could: on the one hand increase the degree of subjectiveness (not all terms are 
clear to everybody), on the other hand delay the decision process (a good part of 
the meetings is lost in focusing the discussion and in clarifying, or reminding, the 
interrelations among the considered elements). Therefore, the Glass-worker 
company's management appreciated the ability of the tool to shorten the decision 
process (the traditional one took 10 months, using the FL tool 2 months were 
enough), and to reduce the degree of subjectiveness. This last point has been 
further proven by undertaking the decision process with different persons (sharing 
similar knowledge about the company's products, processes and objectives) and 
showing that the results were quite similar. 
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5 CONCLUSIONS 

In this paper a new system for supporting the decision process of companies that 
want to globalize their production system has been presented, and its application 
to a real case has been described. 

Managers of the company where it has been implemented appreciated very 
much this method, because it is able to: 
• manage both quantitative and non quantitative data; 
• manage uncertain and subjective information; 
• cope with a high number of interrelations among parameters, that are not easy 

to model mathematically (if not impossible), but, on the contrary, can be easily 
treated in the proposed DSS by means of IF, TIIEN statements; 

• present the degree of "goodness" of each alternative, and not just to point out 
the best one. 

Moreover, the managers involved in the test appreciated particularly the ability of 
the tool to consider at the same time more than one objective, thus not forgeting 
low priority objectives also. Finally, reduction in the time to perfonn the decision 
process and in its degree of subjectiveness were also considered major advantages 
of the proposed tool. 
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Abstract 
This paper highlights research carried out in the Food Industry in Latin America 
today. The paper discusses the food industry and the role of the supply chain in an 
extended enterprise concept. It also looks at two ways of modeling a supply chain 
and a brief description of both is given. 
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l INTRODUCTION 

Enterprises within an extended enterprise concept are always looking for ways to 
improve their business efficiency. Many approaches are taken, from implementing a 
total quality management system to redesigning the business processes. All 
approaches require a real understanding of the business enterprise. One question 
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that should be asked when identifying an enterprise is what is the organization 
trying to achieve with its processes, i.e. its business goals and objectives. Every 
organization bas a number of business processes that it carries out in order to 
achieve its business objectives; for example processing orders, customer complaints 
and designing new products, for many organizations the list is endless. 

With companies around the world involving themselves in extended enterprise 
stmctures many researchers and academics are focusing on business processes and 
how they can be modeled within this network of enterprises. Before we go on any 
further we should define what the Extended Enterprise is and also what a business 
process is. Browne et al. tell us that the manufacturing system can no longer be 
seen in isolation, it must be seen in the context of the total business and the 
linkages of the business back through the supplier chain and forward into the 
customer chain. The challenge for the future is to consider the extended enterprise 
and facilitate inter-enterprise networking across the value chain. This concept of 
inter-enterprise networking is called the extended enterprise for short, (Browne, 
199S). The extended enterprise extends beyond traditional organizational 
boundaries. It includes tl1e relationships that an enterprise has with its cuStomers, 
suppliers, business partners etc. The extended enterprise reflects the high 
interdependence that exists between organizations as they conduct business. 

A business process can be defined as a collection of activities tlUlt takes one or 
more kinds of input and creates an out.put that is of value to the customer, 
(Hammer, M., Champy, J., 1995). A business process then is a specific ordering or 
arranging of work activities across time and place, including the beginning of the 
process and the end oftlte process and clearly. identifying the inputs and outputs of 
the business process being modeled. In order to model the supply chain process of 
an enterprise the model must clearly identify its inputs and outputs. 

The most effective way to identify the needed information of the enterprises and 
obtain access to the enterprises information is through modeling the extended 
enterprise operation. This should not only cover the business processes involved in 
the enterprises but also it should identify both their internal and external 
relationships. Kosanke et al. state tltat to achieve sufficient flexibility for 
maintaining the models and keeping them really up-to-date, modeling bas to 
become a tool not only for planning but for operational support as well, (Kosanke et 
al., 1995). 
Business Process Modeling of the supply chain allows the extended enterprise to 
build a model of its current supply clUlin process ("as-is") or its proposed supply 
chain process ("to-bej. The model allows for the supply chain performance to be 
analyzed. Modeling the supply chain process of any enterprise is an important step 
in building a more efficient supply chain. 

New tools, methods and knowledge for the supply chain of a food industry in the 
extended enterprise are necessary and they can only be developed by increased co
operation between research institutions, academics, tlte agribusiness and food 
industries. 
Modeling tools are new for tl1e extended enterprise, tllerefore when enterprises want 
to model the business processes of their organization; the tools tlley use are 
"borrowed tools". 
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l. 1HE FOOD INDUSTRY 

The Food Industry was once seen as a low tech and high labor intensive industry. 
Things are rapidly changing and for once this industry is becoming the focus of 
many research projects. for example SCM+1 and LOGSME2• 

Both projects have industrial partners that are in the food industry and the 
research concentrates on the integration of their supply chain. 

The food industry is now beginning to realize that integration of their supply 
chain is an area that will lead to the success of their organization. The creation of 
supply chain management functions have pulled together disparate parts of this 
industry and turned them now into cohesive operating units, (Lamey, 1996). The 
food industry supply chain is defined by Folkerts and Koehorst as a set of 
interdependent companies that work closely together to manage the flow of goods 
and services along the value-added chain of agricultural and food products, in order 
to realize superior customer value at the lowest possible costs, (Folkerts and 
Koehorst 1997). 

Intense competition in the food industry has led to innovative distribution 
techniques and increased efficiencies, such as enterprise integration all of that 
benefit the customers. 

AcCording to Lamey, the need to provide customers simultaneously with higher 
service levels at a lower cost whilst building customer loyalty has provided a 
difticult working environment for the food industry. Part of the solution for success 
in this industry can be found in re-engineering the supply chain, (Lamey, 1996). 
Re-engineering the supply chain entails rethinking and redesigning the business 
processes that make up the supply chain in order to achieve improvements. These 
improvements include cost, quality, and service improvements. Enterprises within 
the food industry are becoming more adept at making their supply chains 
responsive to each other. Integration of infonnation is becoming a vital ingredient 
for the success of these enterprises. In order for an enterprise to be considered as an 
extended enterprise then infonnation integration throughout the enterprises is 
critical. For the food industry this includes infonnation regarding stock levels, 
customer orders, process orders etc. 

3. TilE FOOD INDUSTRY IN LATIN AMERICA 

The food industry is a very important activity now in Latin American countries. 
This activity primaly involves small and medium size enterprises that tend to function 
independently on a weak capital base. However, the speed of change in both the local and 
the global marla:t parameters and the complexity of its element forces these enterprises to 
take bigger and faster steps toward lean, agile, and cost-eJfective production. 
Furthennore, the constant changes in product and process technologies and the 
incn:asing pressure for healthier, more nutritious and organic products, and the 
environment benign production systems with emphasis on waste reduction and energy 
management enhances this challenge. Additionally, emerging international legislation, 
particularly relevant in dte commercial relationships between other countries, has to be 
oonsidered. 

1 SCM+ Beyond Supply Chain Management in Food Industry ,!NCO-DC Project: 9S0880 
2 LOGSME, Logistics to Support Continuous Improvement for SME's in the Virtual Enterprise, Esprit No. 22633. 
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In general for many developing sectors i.e. coffee, milk, bananas, tomatoes etc., 
enterprises seek to work in an extended enterprise concept This includes wholesalers 
and rerai.lers, producers and their supply chain. food processors and packers, fanners, 
transportation and delivery seiVices, working together. Emerging now is the concept of 
agribusiness, defined as the set of all operations involved in the processing and 
distribution of the agropecu.ary products, the production operations within the fann and 
the storing. processing and distribution of all agropecuary products and their derivatives. 

A major facilitator for the coordinating function of an extended enterprise is through 
Information Technology. Inter-enterprise and inter-enterprise networking across the 
value chain can be supported by today's advances in computing and telecommunication 
teclmologies and they're emerging integration into the lnfonnation Superhighway. 

For small and mediwn enterprises the real competitive advantage can only be achieved 
and sustained through the creation of relationships and strong infonnation links and 
honest co-working among the enterprises involved in the various steps of the supply 
chain. These concepts are definitely needed for enterprises, in order for them to 
efficiently utilize their relevant human, organizational, and business resources and also 
for them to be able to fucilitate tl1e necessary interdependencies between their suppliers 
(fanners and otl~er materials and services suppliers), manufacturers, distributors, sellers 
and ultimately customers. 
Figure 1 shows a typical supply chain for the food industries in tl1e SCM+ project. 

•.· ~ ~;n-;;; .. ~L~.-: .~~ 
· ·.':.t · ' :"':v:z~ 
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Figure 1 Supply Chain, for the Food Industry. 

From the point of view of communications and, in general, the infonnation 
interchange, the big enterprises have a high rate of interactions with suppliers and 
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clients. However, they are similar to the small enterprises as they link their information 
through classical channels, i.e. person to person, telephone or fax. 

Many enterprises are involved strongly now in Internet applications with their 
suppliers and are building relationships for electronic data interchange with their big 
clients (the supermarkets for example). Active sectors in this area for example: coffee 
and milk suppliers are beginning to commercialize products through the Internet In the 
supply chain cbannel in the food industry it is clear that there are some links stronger 
and IIICR aitical than other links. Customers can be seen as very important links of the 
chain, they demand final products with high quality and as :f8st as poss1ble; therefore, the 
communication with them is aitical for maintaining them as good customers. For 
:fiumers the communication is also important, they need to bave information regarding 
the production plants and commercialization of the products. Many enterprises are 
interested in increasing their communications with farmers, as this has been found to be 
the 'M8kest link of the supply chain. 

To implement a data commmtication infrastructure to support an extended enterprise 
there are several difficulties depending on the links of the supply chain. In order to 
study the feasibility for applying the extended enterprise concept, it is of critical 
importance to know the current social aspects of the enterprises who are involved, 
considering them as reference case of the agricultural processed food companies of 
their region. For the industries investigated in the SCM+ project it was found that 
many managers in developing countries have very little information regar4ing the 
extended enterprise. Similarly, t11e training and the courses planned in-house in 
enterprises do not include a strong program for information system technologies In 
general technical personnel are not prepared for extended enterprise operations. 

For large clients and critical suppliers it can be easy to implement good information 
channels. For many members of the extended enterprise the information transmitted to 
and tiom each other is very different In any case, it is very important to have an inner 
data communications infrastmcture that may support each enterprises communications 
need For many food industries voice infrastmcture communication between the 
enterprises is acceptable and is in accordance with the normal requirements of any 
enterprise. 
4. TilE SUPPLYCHAIN MODEL 

Tile supply chain used as an example for this writing could be seen as a complex 
web of interrelated processes and systems - sometimes the very complexity of an 
enterprise defeats any attempt to improve or transform it. Production, processing, 
supply and distnbution all used to be regarded as individual processes; nowadays 
the food supply chain is rapidly becoming an integrated SYStem with each of these 
links in the chain having interconnected SYstems. 

Modeling the supply chain process therefore simplifies the way we see the 
complex business process, making the supply chain a real process allowing us to 
understand and communicate the activities within the supply chain. The food 
supply chains can vary considerably as they can be seen to be highly dependent on 
historical and cultural aspects as well as regulatory environments. Government 
legislation plays a major role in the food supply chain also. 

IDEF0 (Integration Definition for Function Modelling) and Petri Net are the 
modeling tools used to support the food industries involved in the SCM+ project. 
The model focuses on the different links in the chain, which are required to manage 
the supply chain process. 

IDEFo comprises of a set of methods that can assist in understanding a complex 
subject. It uses top-down decomposition to break-up complex topics into small 
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pieces which can be more readily understood and which are set in their proper 
context with respect to system elements. IDEFo provides the ability to show what is 
being done within a process, what connects the activities and what constrains the 
activities. It uses a structured set of guidelines based around hierarchical 
decomposition, with excellent guidance on abstraction at higher levels. This IDEFo 
model shows a systemic perspective of the supply chain of this food enterprise. 
Figure 2 shows the top level of the supply chain process, which has been modelled. 
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Figure l Supply chain model for a food industry in the extended enterprise. 

The supply chain model was built on the functional activities of the supply chain 
process of the food industries and it identifies the products and information that 
flow between these activities. This level is broken down further to give a clear 
identification of the inputs, mechanisms, controls and outputs identified for each 
area of the supply chain process. Using IDEF0 as a modeling technique ensures that 
the content for any part of a process model under analysis in relation to the whole of 
the process model is always known, (CAM-1, 1980). Therefore the food 
organization can focus on the part of a process model it is interested in and develop 
further levels of detail without losing its context within the whole process. The 
development of the supply chain process model once again helps this enterprise 
understand how the processes work within its extended enterprise identifying tlte 
links it has with other enterprises. In order to be able to use the information from 
the model the activities in the process, the process boundaries and the resources 
used in the supply chain modeling process all need to be understood by those 
involved in making decisions, within that enterprise. The modeling of the "as-is" 
situation of the supply chain process gives the enterprise the opportunity to model 
their enterprise towards a "to-be" situation. It also allows for the process model to 
be simulated if necessruy and then its performance to be analyzed. This process may 
have to be carried out many times in order for the enterprise to obtain its optimum 
"to-be" process. 

The building of this supply chain process model aids understanding of tlte actual 
processes involved in supplying goods to the end customer. It is beyond tlte scope 
of this paper to show the complete IDEF0 model of the supply chain under 
investigation in this research. 
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5. APPROACH TO MODELLING THE SUPPLY CHAIN USING PETRI 
NETS 

The interrelationship between the enterprises participating in the supply chain, is 
mainly governed by events which represent the forwarding or reception of relevant 
infonnation -data. orders, receipt acknowledgments, etc.-, as well as the physical 
interchange of products. Therefore, the main focus in searching adequate dynamic 
modeling methodologies and tools should be set on the representation of discrete
event systems. Additionally, continuous system representation could complement 
the models, when trying to refine the model in order to realistically represent the 
time lapses involved in some events (Bernhardt et. al., 1994), (Carelli et. al., 1995). 
The model should be able to capture the dynamic nature of the interactions as well 
as an adequate representation of the dynamics of each component of the value 
chain. 

In recent years, many teclmiques for modeling discrete-event systems have been 
developed. Among them, the following ones can be mentioned: Markov processes 
and their imbedded Markov chains, Petri Nets, queuing networks, automata and 
finite-state machines, finitely recursive processes, min-max algebra models, and 
discrete event simulation and generalized setni-Markov processes (Cao and Ho, . 
1990), (Ho, 1989). Petri nets represent a tool for modeling systems with interacting 
and concurrent components. It represents an analytic and graphical approach useful 
for modeling, analyzing and simulating discrete event dynamic systems. 

The. next section presents an approach based in Petri nets for dynamically 
modeling the supply chain in the context of the extended enterprise concept. The 
model is a simplified version of a real supply chain described in some detail by the 
SCM+ partners in their research of t11e food industries supply chains. Different 
elements of the chain have been considered, including the model of the supplier of 
raw material, the supplier of supplies and commodities for production, the factory, 
the clients and the relationships between them. 

6. A CASE STUDY -TilE SUPPLIERS-FACTORY-CLIENTS 
RELATIONSHIP MODEL. 

Characteristics of the chain. Producers of tomatoes from San Juan, Argentina 
(production: 23,500 Tn) offer their production to the factory in San Juan. The 
factory places an order (in the model each order is for 500 Tn tomato or 20 trailers) 
when its warehouses are ready for receiving this load. Mendoza producers (26,500 
Tn) offer their production. The factory also places orders to Mendoza producers 
when its warehouses are ready for receiving this load. Orders for 69 Tn tin sheet 
(totaling 3 trailers) are placed when t11e warehouse is ready to receive this material. 
Witll all this raw material, the factory plans to elaborate 50,000 Tn tomato sauce. 
The Petri net model is presented in Figure 3. The supplier sends these 3 trailers 
provided he has tl1e material available in stock. The Buenos Aires Distribution 
Centre (hCenterer BA DC) places an order for seven 27.4 Tn trailers of finished 
products provided its warehouse bas free capacity. Provided this processed volume 
is available at the factory in San Juan, tl1e cargo is sent right away to Buenos Aires. 
A similar procedure is followed for the Cordoba Distribution Center (hereafter 
C6rdoba DC). The DC-client relationship is described in a similar way. A 
simplified suppliers-factory-clients relationship model is presented below. 
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Figure 3 Petri net model of the Tomato Production Chaiu. 

PN elements description. The interpretation of places and transitions of the Petri 
net model is shown as follows: 

Places 
pI : Initial condition for San Juan producers. 
p2: Tomatoes ready to be cropped (SJ producer). 
p3: Total tomato volume to produce (SJ producer). 
p4: Monitor of tomatoes already cropped (SJ producer) 
p5: Tomatoes cropped ready to be shipped (SJ producer). 
p6: A cargo of 500 metric tons (Tn) of tomato (20 trailers) has been sent by the SJ 
producer to the factory in San Juan. 
p7: Tomato trailers in queue at the factory. 
p8: An offer from the SJ producer has been placed. 
p9: An offer from the SJ producer has been received at the factory. 
pI 0: Monitor of tomato orders. 
pi I: An order for 500 Tn tomato (20 trailers) has been delivered to the SJ producer. 
pl2: Initial condition for Mendoza producers. 
pl3: Production enabling. 
pl4: Tomatoes ready to be cropped (M producer). 
pl5: Total tomato volume to produce (M producer). 
pl6: Monitor of tomatoes already cropped (M producer). 
pl7: Tomatoes cropped ready to be shipped (M producer). 
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pl8: A cargo of 500 Tn of tomato (20 trailers) has been sent by the M producer to 
the factory in San Juan. 
pl9: An offer from theM producer is issued. 
p20: An offer from theM producer has been received at the factory. 
p21: An order for SOO Tn tomato (20 trailers) has been delivered to the M producer. 
p22: Tomatoes in stock in the factory, ready to be processed. 
p23: Quantity of tomato to be processed. 
p24: Tin sheet ready to be sent by the supplier. 
p2S: Tin sheet to be manufactured by the supplier. 
p26: A cargo of 69 Tn tin sheet (3 trailers) bas been sent by the supplier to the San 
Juan factory. 
p27: Monitor oftin sheet orders. 
p28: An order for 69 Tn tin sheet has been delivered to the supplier. 
p29: Tin sheet in stock at the San Juan factory. 
pJO: Quantity of tin sheet to be processed. 
p31: Tomatoes already processed in the factory. 
p32: 191.8 Tn of finished product (7 trnilers) bas been sent from the factory to the 
BADC. 
p33: Final product in stock at BA DC. 
p34: Free capacity of finished products in warehouse at BA DC. 
pJS: Monitor of finished product orders at BA DC. 
p36: An order for 191.8 of finished product is placed by the BA DC. 
p37: A cargo of 191.8 of finished product (7 trailers) has been sent from SJ to the 
C6rdobaDC. 
p38: F"mished product in stock at C6rdoba DC. 
p39: Total capacity of finished products in warehouse at C6rdoba DC. 
p40: Monitor of finished product orders at COrdoba DC. 
p41: An order for 191.8 Tn of finished product is placed by the C6rdoba DC. 
p42: A finished product trailer lUIS been sent from the BA DC to Client I. 
p43: Finished product in stock at warehouses of Client 1. 
p44: Total capacity of finished products in warehouse of Client l. 
p4S: Monitor of finished product orders at Client l. 
p46: An order from Client 1 for finished products lUIS been delivered to the BA DC. 
p47: A finished product trailer has been sent by C6rdoba DC to Client 2. 
p48: Finished product in stock in warehouses of Client 2. 
p49: Total capacity offinished products in warehouse of Client 2. 
pSO: Monitor of finished product orders at Client 2. 
pS 1: An order from Client 2 for finished products has been delivered to the COrdoba DC. 
pS2: Condition for re-5tarting. 

Transitions 
t1: A San Juan farmer produces 500 Tn of tomatoes 
t2: A new plantation is prepared by San Juan producer. 
t3: 500 Tn tomato is cropped by San Juan farmer. 
t4: 500 Tn tomato (20 trailers) is sent to the factory. 
tS: Trailers from SJ producer arrive at the factory in San Juan. 
t6: San Juan producer notices the factory that he has 500 Tn tomatoes available. 
t7: The factory accepts and places an order for this 500 Tn tomato offers. 
t8: Enabling for starting production of Mendoza producer. 
t9: A Mendoza fanner produces 500 Tn of tomatoes. 
tlO: A new plantation is prepared by M P. 
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til: 500 Tn tomato is cropped by M P. 
tl2: 500 Tn tomato (20 trailers) is sent by MP to tlte factory in San Juan. 
tlJ: Tmilers tiom Mendoza arrives at the factory. 
t14: AMP gives notice to the factory that he has 500 Tn tomato available. 
tiS: The factory~ and places an order for this SOO Tn tomato offers. 
tl6: The tin sheet supplier produces 69 Tn tin sheet 
tl7: A cargo of69 Tn tin sheet (3 trailers) is sent by the supplier to the factory. 
tl8: The fiu:tol)' issues an order for 69 Tn tin sheet 
tl9: Tomato trailers are unloaded at the factory's warehouse. 
120: Tin sheet trailers :fiom supplier are unloaded at the factory's warehouse. 
121: Tomatoes are processed. 
122: ScM:n 27.4 Tn trailers with finished product are sent by the fiu:tol)' to tlte BA DC. 
123: Fmal product trailers are unloaded at the warehouses of BA DC. 
124: The BA DC places an order for seven 27.4 Tn trailers have finished product. 
t2S: Seven 27.4 Tn trailers of finished product are sent by the facto!)' to the COrdoba DC. 
126: Fmished product trailers are unloaded at tlte warehouses of the COrdoba DC. 
127: The COrdoba DC places an order for seven 27.4 Tn trnilers have finished product. 
128: F'misbed product trailers are sent by the BA DC to Client I. 
129: Finished product trailers are unloaded at warehouses of Client 1. 
tJO: Client I sells the finished products. 
tJl: Client 1 places an order for seven 27.4 T trnilers of :finished product to the BA DC. 
t32: F'mal product trailers are sent by the COrdoba DC to Client 2. 
t33: Final product trailers are unloaded at tlte warehouses of Client 2. 
t34: Client 2 sells the final products. 
tJS: Client 2 places an order for seven 27.4 T trailers of finished product to tlte COrdoba 
DC. 
t36: Re-Starting the cycle. 

Conflict Resolution. A typical conflict arises when the facto!)' receives offers from 
a larger number of producers than needed for the planned industrialized production. 
Therefore. the factory has to decide which producers are to fill tlte needs. In the 
Petri net model, this conflict is evidenced by a conflict in transitions t1 to Tn 
respecting place pi, see Figure 4. A supervisory model becomes imperative, and 
this is inserted at a higher Petri net layer. 

To Producer I 

To Produccr2 

To Producer n 

tl 

Supervisor 
Module 
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Figure 4 Supervisor Module for solving conflicts. 

In the model of extended enterprise concept, certain decision-making mechanisms 
are necessary in order to modifY or fit the model's configuration to any given 
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situation. A proposal for solving this, though still under elaboration, consists in 
supervisor module for modifying the Petri net models for each producer and their 
interrelationships with the factory. 

7. CONCLUSION 

Up until recently there has been very little food industry research. The food industry 
never really demanded research in tllis area before, as they felt it wasn't necessary. Now 
with the introduction of the extended and virtual enterprise concepts and infonnation 
technology, many industries including the food industry are looking for ways to adopt 
these concepts and in doing so improving their supply chain activities. 
This paper has highlighted what research has found in the food industty in Latin 
America. The paper has also tried to show how one industry supply chain was modeled 
using IDEF0 modeling and Petri Net modeling. A first approach for modeling the food 
supply chain was presented in this paper using IDEF0 and Petri Nets. Petri nets 
have been proposed as a promising tool for modeling and analyzing the supply 
chain producer-factory within the extended enterprise concept. Petri nets provide 
useful models that capture the precedence relationships and stmctural interactions 
of stochastic, concurrent and asynchronous events. Conflicts can be modeled and 
deadlock situations in the system can be detected. Petri nets are mathematical and 
graphical tools with a well-developed mathematical and practical foundation. 
Timed Petri nets allow for the quantitative analysis of the supply chain models. As 
the paper is just highlighting research in tllis field, the full IDEFo model is beyond t11e 
scope of the paper. 

The development of tl1e supply chain process models once again helps this 
enterprise under investigation and others like it to understand how the processes 
work within their extended enterprise and importantly identifying the links it has 
with other enterprises. 
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1 INTRODUCTION 

A modem production control system requires input not only from production and 
material requirements planning, but also from various points in the whole supply 
chain. The custo~er point of view was introduced in manufacturing with the Just
In-Time philosophy. In a competitive customer oriented manufacturing 
environment the questions of customer responsiveness is the main focus. 
Increasingly market surveys find that customers see the delivery performance and 
accuracy as the most important feature of the supplier. For example, A.T. Kearney 
(1993) found in a survey commissioned by the European Logistics association a 
wide gap between supplier delivery service and the service levels required by 
customers. 

In the traditional MRP literature, focus is put on production lead-time in the 
search for a fast reacting and lean operation. If the total production lead-time, 
including the planning lead-time of the products is longer than the required 
delivery time to customer the operation has to rely on demand forecasts (Stalk and 
Hout 1990). The more production is dependent on forecasts the more customer 
service has to rely on goods in stock. 

In a modem operation, Quick Response Capability and Efficient Conswner 
Response (ECR) are the focus in supply chain and supplier management Quick 
response capability is the ability to deliver the full product range within the 
customer acceptable delivery time. In the evaluation of the quick response 
capability of a production and distribution system, the focus must be put 
simultaneously on time and quantity. The lead time to produce the full product 
range is compared to the customer acceptable delivery time. At the same time 
customer demand is compared to capacity within the customer acceptable delivery 
time. 

ECR on the other hand is a new philosophy in product range management and 
co-operation between supplier and wholesaler in the commodities market 

2 SUPPLY CHAIN DYNAMICS AND CONTROL 

The control practices of industrial firms directly affect how the operational 
situation is perceived and how effectively resources are allocated. 

Uncertainty of the operational situation and the controllability of the operation 
are emergent properties of the operational practices of the firm and the industries it 
is engaged in. This view is based on the observations that: 
• demand changes are easily distorted and amplified in supply chains (Forrester, 

1961) 
• unsynchronized planning and control practices induce load surges (Burbidge, 

1989 and 1994) 

Thus, operational uncertainty and inefficiency is to a large extent a consequence of 
demand distortion in supply chains, self-induced uncertainty caused by 
unsynchronized planning. Demand distortion was first described by Forrester in his 
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classic supply chain model, but it is only recently that the full extent of the 
problem has been recognized (Towill, 1996). Congestion caused by quality 
problems and rework, and complexity imposed by product designs and processes 
are other important contributing factors. Towill ( 1992) presents an example of how 
the combined effect of demand amplification in supply chains and load surges 
caused by unsynchronized control procedures results in high uncertainty of tl1e 
operational situation. 

The basic principle proposed to reduce self-inflicted operational uncertainty and 
to enable a more efficient use of resources is to focus efforts on speed and accuracy 
of communication and control of the infonnation available in the supply chain. 

The accumulation of needs in supply chains is discussed as a basic cause for 
operational uncertainty and low controllability. The purpose is to demonstrate that 
high operational uncertainty and low controllability are partly self-induced and 
may be avoided by implementing improved communication and control practices 
in the management of the supply chain. The discussion is based on experiences 
from development projects in t11e food industry. 

Low efficiency operations 
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contribute to uncertainty 

Controllability: 
Inefficient allocation of 
resources and high 

commitment 

High efficiency operations 

Control: 
Synchronizing 
dependent 
activities 

Communication: 
Direct 

communication 
of needs 

~ 
Operational situation: 
Clarity and overview 
reduce uncertainty 

Controllabilitv: 
Efficient allocation of 
resources and low 

commitment 

Figure 1 Interdependency of communication, uncertainty, and controllability. 

2.1 The effect of demand amplification in the supply chain 

The effect of accumulation is clearly evident in the operation of t11e sweet 
manufacturer case. The sweets manufacturer has both manufacturing and 
distribution operations in all of the Scandinavian countries and Finland. 

The manufacturer perceives that demand for its products are highly volatile and 
unpredictable. The deliveries from the largest factory of a selection of key products 
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were analyzed. The analyzed products are high volume products representing 
roughly 50% of the total output of the factory. In the delivery volumes significant 
medium-tenn fluctuations were present For example, over a half year period there 
was first a dramatic surge followed by a sharp decline of demand. In the short-tenn 
the manufacturer experienced delivery problems due to great demand variations 
from week to week. However, over the long tenn consumption had been rising but 
only slowly. From week to week the consumption of sweets was stable, hence, this 
is an example of amplification caused by an accumulation of needs in the 
distribution chain. 

The conclusion of the analysis was that the sweets manufacturer supplies an 
oscillating distribution chain. Pipeline inventory accumulation alternates with the 
distribution chain living off accumulated inventory buffers. This oscillation was 
clearly visible when comparing the delivery and consumption of the main product 
(Figure 2). Deliveries were first lower than consumption, then higher than 
consumption, and finally below consumption again. 

Main product consumption and deliveries 
- DistributorX2 
~ DistrlbutorX 1 
c==J DistributorY2 
~OistributorY1 
·--Consumption 
--Domestic deliveries 

w .. k 

Figure 2 Example of amplification caused by accumulation of needs 

The unpredictable delivery peaks caused havoc for the sweets manufacturer 
because the distribution network responded to signs of weakening delivery 
capabilities by increasing buffers. The perceived radical rise in demand prompted 
investment in more production capacity for the manufacture of the main product. 
Additionally, resources were wasted on training new employees who later proved 
unnecessary. Overtime and extra shifts were also necessary to meet the peak 
demand In tbe subsequent quiet periods it was necessary to close production lines 
for a week on several occasions. 

In the sweets manufacturer case it is obviously extremely difficult to run the 
operation efficiently over a longer period of time as long as the oscillating supply 
chain distorts demand. 
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2.2 Required delivery time 

In the consumer goods market a special feature is the required delivery time to the 
wholesalers. In Finland and Scandinavia it is from four to 48 hours. In an industry 
where the manufacturers product range can be up to 500, the whole product range 
cannot be manufactured in the required delivery time. The solution to this is 
delivery from stock. In an operation there are three possibilities to control the 
deliveries of manufactured goods: 
• The full product range can be planned, produced and transported within the 

customer acceptable delivery time. 
• The delivery time requirements from customers are shorter than the time to 

plan and produce the full product range and to transport it to the customers. 
• An intermediate point in the production process can be found from which 

onwards the :full product range can be planned, produced and transported within 
the customer acceptable delivery time. 

The demand of consumer goods and especially food products are quite stable in 
all the examples analyzed. The case examples cover meat, confectionery, dairies 
and brewery industries. The only exceptional demand pattern is in the brewery 
industry, where warm periods in the smnmer time affect demand dramatically. 

2.3 Market demand and Efficient Consumer Response 

The industry's answer to the need of more effective management practices is to 
improve its operating efficiency and service (Pontin et al. 1995). This effort is 
known as Efficient Consumer Response (e.g. Robins, 1994, Yohalem, 1995). The 
goal is to eliminate waste and increase service by building up a demand driven 
supply chain. The focus of both suppliers and retail chains is to improve 
profitability and market share by responding better and quicker to consumer 
demand In the retail trade the roles of product brands and product line extensions 
are diminishing and the importance of strategic product categories is rising (Quelch 
and Kenny, 1994). The essence of tllis shift of focus is to align service with 
consumer needs. 

3 UTILIZING REAL-TIME DEMAND INFORMATION 

The existing operations in the food industry can be improved by using real-time 
demand information. This information can be used in the production planning to 
shorten the delay between actual selling of the goods and the arrival of the order to 
the supplier. If the supplier gets accurate information about sales earlier he can 
plan his production more optimally. 

The use of this technology is based on the assumption that the supemwkets 
belong to a chain controlled by a wholesaler, like K-Mart in the USA. If several 
such chains make up a significant part of the consumer market, their combined 
demand information is good enough to be used as an estimate for the whole 
market 
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3.1 Using product sales information 

The key in this process is the utilization of information provided by bar codes in 
the actual products. The bar codes enable us to collect information about sales of 
each product The sales information is collected by the cash registers in the shops. 
The information collected by cash registers in a shop is first combined on the shop 
level and then transmitted into the wholesaler. In the test cases in the Finnish 
consumer goods market this process is done daily. Thus the wholesaler gets 
accurate sales information from the shops and gets a clear picture of each product's 
actual sales almost in real-time. 

This is already part of the nonnal daily operations. But this sales information has 
value also to the other parties in the logistics chain. The suppliers could use it for 
their production planning and their material suppliers could use the production 
schedules based on the acquired sales information. The main idea is to shorten the 
delay between the actual sale and the moment when the supplier gets the order to 
refill wholesalers storage. 

The wholesaler, who is the customer of the product supplier, accumulates the 
combined sales figures for those products that belong to their product range. This 
information can be processed so that the weekly demand of products of a supplier 
is calculated and transmitted to the supplier. 

The wholesaler can also give information about his product inventory. The 
supplier could use also tllis information to enhance production planning. The 
production planning can be based on this ideology only in those cases where the 
wholesaler tries to keep the inventory levels constant on the long tenn. If the 
wholesaler's inventory has no clear correlation to the sales, the inventory 
information does not provide any new information of use. 

3.1 The benefits of the information exchange 

This exchange of sales infonnation is not meant to replace the normal ordering 
process. The main idea is to use sales information as an early warning of 
forthcoming orders. 

Wholesaler and suppliers 
Accurate sales information can increase the delivery performance since the 
supplier gets information about product consumption earlier. He can then plan his 
production based on the assumption that the shops will refill their inventory from 
the wholesalers who in turn then will refill their own storage by ordering the 
products from the supplier. The time between the actual sales and the arrival of the 
responding order is usually several weeks. On the other hand the allowed delivery 
time is currently very short, only 24 to 48 hours. Because the production lead times 
are remarkably longer the suppliers are forced to keep large inventories in order to 
be able to fulfill the orders in time. If the supplier gets the sales information shortly 
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after the sales, e.g. on weekly basis, he can plan his production based on this 
information and be better prepared to fulfill the arriving orders. 

So, the idea is to give supplier more time to plan his production. He does not 
need to wait for the actual order but he can start the production planning shortly 
after the actual sales based on reliable information. The delivery performance 
should increase since obtaining information earlier diminishes the effects of long 
lead times. 

Another aspect to be considered is the quality of the information. Tite aggregate 
weekly consumption figure does not suffer from the Forrester effect or Burbidge 
effect. This figure is not biased in any direction and the different order periods and 
ordering sttategies do not effect the figures. So, this is a much better data to be 
used for production planning than the figure obtained from arriving orders. 

This holds true in the long term. In long term this will enable the supplier to 
fulfill the orders and to keep the product inventories on a reasonable level. In the 
short term, the supplier's inventory will fluctuate since the arriving orders do not 
equal the actual consumption since the ordered product volumes are distorted by 
Forrester and Bwbidge effects. 

Supplier and raw material suppliers 
If the supplier has a tight relationship with his key material suppliers, the supplier 
can provide this sales information further to the material suppliers. That makes it 
easier for them to be able to deliver all required raw materials in time. In order to 
be able to benefit from the sales figures the material suppliers have to know 
roughly the raw material requirements of products. 

Another way to deliver quality information to the material suppliers is to keep 
them aware of the planned production. If they know the material requirements and 
the production schedules they can calculate the actual material requirements. 

Both methods give a qualified material requirements estimate to the material 
supplier. This estimate can be used in the production scheduling process before the 
formal order from the client arrives. 

3.3 Requirements for the co-operation 

The previously explained co-operative communication sets many requirements for 
the participants. The co-operation can only be realized in a stable and continuous 
business relationship. The participating companies must be willing to share 
traditionally "private" information like production schedules and product 
structures. The participating companies must agree about the extent of their 
partnering. 

Partnering in this context means an agreement between two or more companies 
to do business together on a long-term basis. The partners will share information 
and work together in order to create business benefits. Partnering is possible only 
in those cases where the business between partners makes up a significant part of 
the company's business. 
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Partnering requires also discussion about business ethics and rules. In order to be 
as effective and efficient as possible the partners should be open towards each 
other. This means that they should tell each other about future sales promotion 
campaigns and other significant events. The main problem of this kind of 
information is the confidentiality of the information and more exactly the 
information that is left out or not delivered. In a case example when a wholesaler 
does not have a promotion activity within a time ftame of the partner supplier's 
products the supplier could figure out possible promotion activity with competitors 
products. This could then lead to hostile activities tiying to minimize effects of the 
competitors possible promotion, and the outcome would be a difficult situation in 
the partnership between the initial supplier and the wholesaler. 

Communication technology 
The co-operation should be built using open systems technology. The idea is that 
the same communication system can be used by many different partners. A closed 
system for bilateral communication is not profitable in the long run since it would 
require a separate system for each partner. The system should use TCPIIP 
technology, the internet, to be modem. The actual communication can be realized 
as EDI (Electronic Data Interchange) messaging, but internet is the current de facto 
standard for open communication. 

Heard (1994) points out that the initial goal to improve the performance of the 
distribution chain is easily corrupted by a strong technical focus. The quick 
response movement in the US has not been able to improve the performance of 
suppliers despite the widespread introduction of communications technologies with 
potential to enhance the speed and accuracy of communication. The reason for 
failure is that the speed and accuracy of communication has not been utilised to 
synchronize production with demand. The operating practices of the distribution 
chain have remained the same. 

4 CONCLUSIONS AND FURTHER ACTIONS 

The consequences of industrial dynamics in demand amplification can not be 
exaggerated (Schonberger 1990). It has been even reported in fast growing 
industries that component factories have been established to supply t11e biased 
demand It has become one of the key competitive advantages to have reliable and 
up-to-date information on t11e real market situation. Tilis is one reason why the 
grocery stores and other conswner product retailers are implementing sophisticated 
technological means to transmit on-line information of front-line consumption, i.e. 
by linking the cash registers directly with the inventory system, which in tum is 
connected to the wholesalers information system. Yet, this is not enough as the 
overall efficiency stems from collaboration not only in information sharing, but 
also on the physical material flow level. These two flows must be incorporated into 
one operational system throughout t11e supply chain. 

As the supply chain integration evolves to an operational system, every part of 
the system is aware of the materials flow and how this will affect their future 
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operation. This requires changes in both the technical and organizational structure 
of the actors in the supply chain. Especially the relationship between supplier and 
wholesaler requires a new approach. ECR and the category management view 
addresses into this problem. The customer will in the future dictate how the supply 
chain will run its whole operation, from category management to efficient 
replenishment of goods to the retail stores. Category management takes the 
viewpoint of the retailer and retail chain. The objective is to create distinct 
manageable groups of products that consumers perceive as interrelated or 
substitutable and to define the strategic role of the category in the retail echelon 
(ECR Best Practices Operating Committee, 1995). 

The sales information acquired through cash registers offers the food industry a 
practical way of collecting a base for efficient management of the operation. One 
elementary requirement is that the retail stores in the target market have a high 
level of automation. Also the scanned stores have to represent an extensive part of 
the target market. This is possible in the Finnish market where the market place of 
five million inhabitants is dominated by three nation-wide wholesalers and over 
90% of the retail stores are equipped with bar code readers connected to the cash 
registers. The use of sales information requires ways to integrate the information 
into existing operation control systems. 

Using the sales information as a planning base of production and delivery control 
gives an opportunity to decrease the effects of supply chain dynamics caused by 
Forrester and Burbidge effects. An accurate information flow enables flexible 
production control and therefore better delivery performance and lower inventory 
levels throughout the chain. 
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Abstract 
While multi-axis machining is an advanced teclmology for dealing with complex 
shaped parts witb a four or five-axis CNC machine, its application is very lilnited 
due to tbe large amount of investment in practice. The Additional-axis metbod, 
typically obtained by attaching rotary/tilt table to the existing tbree-axis machine, 
is a powerful alternative to the problem while achieving multi-axis machining. In 
tbis research, we attempt to establish a theoretical background and implementation 
methodology for achieving the genuine multi-axis NC .sy.stem. The research is 
composed of : a) tbe hardware setup for ilnplementing tbe additional-axis NC 
system, b) an interface study for implementing multi-axis machining with the 
hardware configuration, c) versatile CL-data generation algorithms for NC 
machining, and d) implementation of the algorithms to develop multi-axis CAM 
system for the additional-axis NC system. Together with a detailed presentation on 
tbe above enabling tbe additional-axis machining system, we will show that the 
additional-axis system can be effectively used for five-axis machining tbrough two 
specific application examples. 

Keywords 
Multi-axis machining, Five-axis machining, Rotary/tilt table application, 
Additional-axis NC system, CL-data decomposition 

Computer Applicaliona in Production and Engineering. F. Plonka and G. Olling (Eds.) 
e 1997 IFIP. Published by Cbapman & Hall 



160 

1. INTRODUCTION 

With the development of NC technologies, the five-axis machine has been recently 
introduced to improve tl1e overall efficiency (reducing machining time and 
enhancing machining accuracy) of machining sculptured surfaces such as 
automobile bodies, aircraft, and ship hulls [1-2]. Traditional methods for 
machining sculptured surfaces have been implemented on the three-axis machine 
with ball-end cutters, requiring long machining time and a hand-fmishing process 
to remove cusps. For more complex surfaces, multiple setup changes (time 
consuming and a source of inaccuracy). On tl1e other hand there are several aspects 
limiting tl1e practical application of contemporary five-axis machining teclmology. 
First. it requires a large investment to purchase the machine tools (the typical five
axis machining center cost over US$ 1 Million (3). Anotlter limiting factor has 
been due to the complexity of part progranuning, requiring supporting software 
togetlter with programming skills. Tlms, for practical propagation of the 
sophisticated meti1od, an economically feasible method has to be sought. In tlus 
paper, we investigate a new metltod called additional-axis macluning teclmology, 
utilizing the three-axis CNC machine tools by attaching an additional apparatus, 
such as an indexing table and a rotary/tilt table (RT table). 

2. ADDITIONAL-AXIS NC SYSTEM 

The additional-axis machi1l..ing system can be constmcted by interfacing manual or 
servo controlled rotary table to the three-axis machine tools together with 
supporting software. T11e typical system shown in Figure 1 is a practical 
alternative to the problem while achieving five-axis machi1l..ing. T11e attachment 
(manual indexing table or servo controlled rotary/tilt table) has been used 
practically in ti1e maclune shop, as a means for changing part orientation. Note, 
however, timt due to insufficient study on tlle additional axis machining 
(specifically on the supporting software), its application has been limited, to simple 
operations, such as multi-face machining and multiface drilling by the indexing 
mecl13nism. In fact, no contemporary CAD/CAM system supports ti1e additional-
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axis machining methods enabling the five-axis surface machining opemtions. To 
extend it for achieving the five-axis machining of free surfaces, various research 
including: a) hardware interfacing and its control, together with b) supporting 
software for tool path planning and execution have to be carried out, which has 
been tlte tlteme of our research. 

2.1 Confi&uration code 

Five-axis machines, in general, have three linear and two rotational axes. 
Depending on the arrangement of the five axes, there are a variety of 
configurations for the 'genuine" five-axis machine (For the details, see [4]). 

Theoretically, the additional-axis machine takes a variety of configurations 
depending on its mechanical structure and controller capability. Table 1 shows 
various configurations by the following code: 

Dm, : # of axis in tlte tnachine, 
Cm : # of controllable axis by the machine controller, 
Sm : # of simultaneous control axis by the machine controller, 
D.., : #of axis in tlte rotary table, 
Sa : # of simultaneous control axis for tlte rotary table. 

Table I . Configurations ofthc 
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Table I shows all the configurations for D. = 3. The typical configurations often 
found in the practice are marked by (*). For example, (3,3,3, 0, OJ means the 
conventional three-axis machine without an additional-axis, and [3, 3, 3, 2, OJ the 
three-axis machine tools equipped two-axis manual indexing table. On the other 
hand, [4,4,3, I, I) means the four-axis machine, whose three axes are controlled 
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simultaneously, interfaced with a one-axis servo controlled rotary table. It is worth 
pointing out that: a) the number of controllable axes should be greater than or 
equal to the number of simultaneously controlled axes, and b) the munber of 
simultaneous controls is less than or equal to the number of mechanical axes; 

Cr, ;,:,S,,, and D.+ D, ~ Sm + s:. (2) 

In the following Sections, the detailed characteristics for the [3,3,3,2,*] will be 
discussed for a) SbUcture configuration, b) control scheme of rotary axes, and c) 
feasible tool orientation. 

l.l Kinematic structure 

Based on the structure of the three-axis machine (horizontal and vertical) and the 
additional two-axis rotary table (tilt/tilt, tilt/rotary, and rotary/tilt), there are 12 
types of stmcture for the additional-axis machine of [3, 3, 3, 2 *] as shown in 
Figure 2. The AB type means that the A axis is nearer to the machine bed titan tlte 
B axis. The four structures marked as 'infeasible" do not give two degrees of 
freedom but one. In tllis case, tlte tool does not have five degrees-of-freedom but 
four. It is interesting to note tltat tltese occur when the nearest rotational axis to tlte 
machine bed is the C axis. The above analysis shows that tlte [3, 3, 3, 2, *] should 
be constructed based on tlte eight feasible structures. 

2.3 Interface scheme of rotary axes 

Depending on how the rotary axes are interfaced with the main (tlrree-axis) 
controller, the control of tlte rotary axes can be classified into tlrree schemes: a) 
directly synchronized (DS); where tlte rotary axes are directly controlled by the 
main controller, b) indirectly synchronized (IS); where tlte rotary axes and tlte 
machine are controlled independently by two control units, and c) sequential; 
where the motion of the rotary axes are sequentially executed before or after tlte 
machine motion. The genuine DS scheme is only obtained by the originally (not 
by additionally) five-axis controller. Tlms, this scheme can be implemented for tlte 
configurations, where Sm, > Dm + Da and Sa = 0, marked by ~~ED in Table 1. In 
tlte DS scheme, tlte main and an additional controller can communicate directly, 
and hence it is basically the same as tlte genuine five-axis controller machine tool. 
Thus, tlte five-axis CL-data prepared for [5, 5, 5, 0, 0] can be executed by [3, 5, 5, 
2, 2]. Note, however, tltat DS scheme is not common in practice. 

In tlte IS scheme, tlte rotary axes are controlled by another controller. Thus, 
the synchronization of tlte two control tmits (one for tlte linear motions and tlte 
other for tlte rotational motions) and tlte execution metl10d of tlte CL-data via tlte 
two controllers are two issues in the IS scheme. For tlte configurations (S. < D@ 
+ D, and S, > 1), (e.g., (3, 3, 3, 2, 1) and [3, 3, 3,2, 21 fail into tltis group), IS 
scheme should be employed for five-axis macltining. In tlte sequential scheme, tlte 
rotary axes are not controlled simultaneously with tlte machine. Tlms, in order to 
manufacture tlte five-axis part with this scheme axis-reduction method" (to be 
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discussed later) should be employed. Sm, = Cm, = Dm, Sm = 0 fall into tllis 
group, and [3, 3, 3, 2, OJ is an example. 

2.4 Feasible tool orientation 

The feasible tool orientation of the additional-axis machine is detennined based on 
tlte structure configurations and tlte nwnber of simultaneous controls for rot.ruy 
table as well as tile rotational limits of rot.ruy axes. Depending on tile structure 
configurations, the feasible tool orientation of tile additional axis machine can be 
classified into three types: a) AC (or BC), b) AB, and c)BA type. Defining tlte tool 
orientation as tlte direction vector on tile unit sphere, tlte feasible tool orientation 
for tile three types can be represented as shown in Figure 3 where AB type is 
represented by a spherical cone, and AB and BA by spherical rectangles. In tlie 
figure, 'great arc" (resp. "Plane arc") represents tlte rotational motion of tlte nearest 
(fariliest) rotation4xis he machine bed (i.e., great arc in AC type refers to tlte 
rotational motion of tlte A axis.), and tlte lengtlts of these arcs also represent tlte 
rotational limit of tlte rotary axes. 

AC(orBCitype A91yFt 

Figure 3. Feasible tool orientations of the three structure types. 

Depending on the number of simultaneous controls of tlte rot.ruy table) tl1e 
additional-axis maclline lms tluee control modes: a) zero control, b) one control, 
and c) two control. Zero control means tlmt tile rotary table is an indexing table. 
[3,3,3,2, OJ, one control means tltat only one of the two simultaneously controlled 
(e.g. (3, 3, 3, 2, 1)), and two control axes can be simultaneously controlled (e.g. [3, 
3, 3, 2, 2)). 
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3 VERSATILE CAM (V-CAM) SYSTEM 

The key to achieve multi-axis machining with the additional-axis system is t11e 
software algoritlun for tool path planning and execution for the two systems 
machine tools and additional axes. Depending on the configuration of tlle 
additional-axis system, the issues to be addressed are varied. It should be pointed 
that the previous tool patl1 planning algorithms for multi-axis NC machining (e.g., 
Reference [ 5-71)) cannot be applied to the additional-axis machining environment 

........ """ ...,....,___. 

........... OJCDCD (.,_~ J 

t..-r·~--- cf'M~ ) 
c.-.- CD~CD r: ... :;:;:; I 
~ .. - ........... (]J .·• C!J 

I 1 i ) 
SGJ 

,..,.,_...,.. ..... ..., .... ~ .............. ......, .. -:,. ..... 
··- f!JQJ t~ ·) 
~ ..... UI comm c~ ) 

' 

Figure 4. CAM function supported by VCAM. 

as the previous metl1ods are valid m1der the following assumptions: 1) All t11e axes 
are simultaneously controlled, 2) The dimension of CL-data is equal to t11e number 
of simultaneous controlled axes, and 3) TI1e CL-data is executed by a single 
controller. 
Taking into consideration of type of machining operations (e.g., rough/finish cut, 
tool shape) togetl1er witl1 tl1e hardware configuration, tl1ere are various 
combinations. Figure 4 shows tl1e combination where a finish cut using a ball 
end1niU cutter on a three-axis machine tool with a two-axis manual indexing 
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a comprehensive CAM system (called Versatile CAM System or V-CAM System). 
Figure 5 shows the architecture of the V -CAM system capable of generating the 
tool paths and execution data from the surface model of the part surface. Note that 
V-CAM system is able to perform conventional CAM ftmctions for multi-axis 
machining. In particular, the V -CAM system is distinguished from the 
contemporary CAM system by the shaded and dotted boxes in Figure 5. In the 
following sections, we briefly describe the details of the algorithms and hardware 
interfaces implemented on the V-CAM system for two examples; 1) Finish cut ball 
endmilling with (3, 3,3,2,0), and 2) Finish cut flank milling with [3,3, 3,2,2] . 

• ' 

(a) an impeller (b) a secti_r.;n between two blad~$ 

FlgtJre 7. Test example.· 
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4 ILLUSTRATIVE EXAMPLES AND DEVELOPMENT 

4.1 Example 1: Five-axis ball endmilling with three-axis CNC machine 
tools and manual indexing table 

In this section, we present a versatile CAM met11od by which tlle five axis 
machining can be effectively carried out witll a tllree-axis CNC machine togetller 
with a rotary-tilt type indexing table, denoted by [3,3,3,2,0) (see tlle typical 
configuration shown in Figure 6). In this environment, tlle tool orientation is 
obtained by changing tlle part setup by tlle manual indexing table. Tl1us, to 
machine tile five-axis free surface (free surfaces requiring full five-axis control, see 
Reference [8) for tile details) witil tllis configuration, multiple part setups are 
required. Note that tllis is 'fewer-axis machining" as where the number of tile 
simultaneously controllable axes is fewer t11an required (in tllis case, tile number of 
simultaneously controllable axes is 3, while tile required is S)To minimize this 
handicap, we have to seek a tool patil planning metilod (called axis-reduction 
metilod") such tllat: a) Tl1e number of part setups (this is to minimize tl1e manual 
setup change time) and b) The switclling effect (thls is to minimize the possible 
tool marks or ridges on the surface where multiple tool patl1s join) . 

. ~ .. · 
•' 

----
Tool ax!• in poht u(J• · ~d~.llf t:ablt ulilu . 'tQt!ll 1\ u.mber 
Setup 1 St~up , .. . ' ~p1 Sc·•up 2 of swikhtnp 

Ah•rn~Un 1 {-1.5,00) ~; . (15.$0) . ~ .. 1&5) (SO. 1&~) 31 
Aiter-i:i~tJv• , ' (.1.5,90} : (U~l ~ ... 1&5} [~0~. lSS} 31 

S~PI ·~ / • . -~ . ( 
t·· . 

SC'1'VP1 ~ f • (a) machinable (b) non-machinable (c) index table 
surface area area orientation 

Figure 8. Minimum setup configuration. 
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For the test. an impeUer shape shown in Figure 7(a) was taken. The impeller is 
made up of eight blades. It is sufficient to show the developed procedure for the 
surface between tite blades (Figure 7(b)) as tite results can be rotated and applied 
to the rest of the blades. Applying the solution procedure (Note titat the details 
were not given in tilis paper due to page limitations. See reference (9) for tite 
details), the, minimwn number of setups be two, with tite setup combinations 
shown in Table 2, where alternative 1 with 31 switchings (fourth column of 
Table 2) ttlflled out to be the optimal. See Figure 8 for the comparison of the two 
sett1ps. Finally, Figure 9 shows the actually machined part. 

Figure 9. Results or machining experiment. 

4.2 Exam1Jie 2: 5-Axis flanl< milling with servo con-trolled rotary/tilt 
table 

Since ruled surfaces are represented by a one-parameter family of straight ruling 
lines (e.g., a conic surface), titey are particularly well suited for five-axis 
machining using flank milling which is one of ti1e cmcial features tltat the five-axis 
NC machine offers. Compared with bottom-edge based machining, flank milling 
can increase productivity significantly as well as improve surface finish. Tlms, we 
developed flank milling method for NC machining of ruled surfaces witl1 ti1e 
additional-axis machine, tl1e tirree-axis CNC machine interfaced witl1 a two-axis 
controlled tilt/rotary table, denoted by [3,3,3,2,2]. 

In tilis example, we took the system consisting of a vertical tirree-axis CNC 
machine, a servo controlled rotary-tilt table, and a host control system coordinating 
the ntaclline tool and ti1e rotary table controllers. To achieve five-axis flank milling 
of the ruled surface with this system, algorithms for tool path planning and 
execution including CL-data composition and the synclrronization method were 
developed. Due to page limitations, however, we do not describe it here (tile details 
can be found in Reference [10], but we show t11e results of implementation, 
calibration and cutting experiment. 
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4.2.1 Implementation 

The presented AF A scheme was implement for Bridgeport 3-axis CNC milling 
machine run on the three-axis controller (Heidinhain TNC 151 model). A rotary/tilt 
table (manufactured by Troyke Manufacturing Co.) was interfaced with a two-axis 
controller (DSP board). The two controllers were coordinated via a host controller, 
a rotary/tilt table and a host computer where a DSP board is installed together with 
the V -CAM system. 

Figure l 0. IS control .scheme of AFA. 

4.2.2 Calibration of the controllers 

The practical validity of the above synchronization method is determined based on 
the difference of the execution time. Without calibration, tltere exists a time 
difference in almost all tlte cases, even if tlte computed execution time was tlte 
same. Tlus is due to tlte difference in tlte control logic of tlle two controllers. Also, 
it was fowtd tltat tlte time difference is dependent on tlte values of the feed rate and 
moving distance as shown in Figure 11 9a) (called characteristic map or CM), 
showing the time difference under various feed rates and distances. 

Applying the hardware calibration method, we obtained tlle characteristic map 
shown in Figure 11 (b) indicating the maximum of 30 ms throughout the entire 
range of the moving distance and fee rate. In practice, 30 ms are allowable for most 
of tlle precision. Further, as the time difference is constant over the entire range, 
its effect can be virtually eliminated by compensating tlte time lag in tlle 

~ ,. . ' . . 

,....,.............,. . J 

(a) Before calibration (b) After calibration 
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postprocessing procedure. 

\\ 

0 ~ . 

\\ 

Q 
(a) (b) 

Figure 12. Two cone ruled. surfaces 

4.2~3 Cuttmg expertineDt 
Two examples shown in Figure 12 (a) are a ruled surfaces with the circle diameter 
of 60 mm and 80 mm for the upper and lower base curves. Applying the tool path 
algoritlun, tlte CL-patlts including tool approach and departure were obtained as 
shown in Figure 12 (b). Applying the procedures of tool path plruming followed 
by path execution, tlte two parts of G-eodes were obtained. By executing the G
eodes for tlte two controllers, parts shown in Figure 13 (c) was obtained. Note that 
Figure 12 includes the results of rough cut (a) and semifinish cut (b). The finished 
part showed dimensional accuracy and good surface finish. 

{a) rough eut (b) serniflnJsh cut (e) final shapo 

Figure 13. Cone cutting experiment 

5 CONCLUDING REMARKS 

In tltis paper, tlte additional-axis macltining metltod was presented with the 
enabling theories and hardware implementation metl10ds for achieving five-axis 
machining witlt tltree-axis macltine tools and an additional attachment. 
Investegating tlte characteristic of the additional-axis system, we established the 
arcltitecture of a comprehensive software (called V-CAM) system, supporting 
various configttrations attd macltining operations. 
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To show its validity and provide a detailed illustration, we took two application, 
we took two application examples: [3,3,3,2,0] and (3,3,3,2,2]. In the first example, 
using the manual indexing table, the tool orientation is obtained by changing the 
part setup manually. Since this method is vecy simple and economical (the 
indexing table cost a few thousand dollars), it can be effectively applied in the 
medium to small industry where capital investment for the five-axis system is a 
burden. With the continuously controlled motion of the rotacy/tilt table [3,3,3,2,2] 
taken in the second example, the additional-axis system performs like a generic 
five-axis system. We showed that the flank milling operation requiring 
simultaneous five-axis controls can be effectively carried out by developing tool 
path planning and execution algorithms together with hardware implementation 
and the calibration method. 
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Abstract 
Z-map is a special form of discrete nonparametric representation in which the 

height values at grid points on the xy-plane are stored as a 2D array z[ij]. While 
Z-map is the simplest form of representing sculptured surfaces and it is the most 
versatile scheme for modeling nonparametric objects, the application of Z-map to 
die machining (eg, finish cutting, clean-up cutting) aroused much controversy over 
its weaknesses: accuracy, singularities (e.g., vertical walls), and some excessive 
storage needs. 

Although it has such limitations, much research on the application of Z-map 
can be found in various articles. However, research involving systematic analysis 
ofZ-map to represent sculptured surfaces or CL (cutter location) surfaces for mold 
and die machining is rather rare. 

Presented in this paper are the following: evaluation of the height value of a 
point which is not a pre-defined grid point, exact (within machining tolerance) Z
map representation of sculptured surfaces containing vertical walls and sharp edge 
lines (i.e., the common edges of adjoining faces which violate tangential 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
© 1997 IFIP. Published by Chapman & Hall 
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continuity) by adopting a Core Z-map or EZ-map (Extended Z-map) model, and 
several methodologies of computing CL surface in a Z-map form. Also presented 
are examples of die machining in industry. 

Keywords 
Surface modeling, Z-map model, CL Z-map, mold and die machining 

1 INTRODUCTION 

Surface modeling for CAD/CAM has been developed mainly based on 
parametric (polynomial) representations such as NURBS (Non-Uniform Rational 
B-Spline surface). The parametric surface model is very powerful and flexible, but 
it also has some limitations or difficulties in handling certain geometrical problems 
(Choi 95). 

In a nonparametric representation, a surface is defined by its height values at 
given points on the xy-plane, and it has the functional form 

z = f(x,y) (1) 

when the surface is defined in Cartesian coordinates. Z-map is a special form of 
discrete nonparametric representation in which the height values at grid points on 
the xy-plane (domain) are stored as a 20 array z[ij] of the form (see figure 1) 

(2) 

z 
z(i,j) Y 

/ 

X 

Figure 1 Z-map model 

When a domain point (x,y) is a grid point. the values of the index variables ij are 
determined from 

i = (x-x.,)ldx and j = (y-yo)ldy (3) 
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and then its z-value is accessed from the array. If a point (x,y) is not a grid point, 
its z-value can be estimated by some interpolating schemes. 

The Z-map model has limitations of representing general 3-dimensional shapes 
iilcluding vertical walls, multi-leveled z-values (ie, more than one z-value is 
defined at a domain point), and sharp edges. For representing multi-leveled z
values, a multi-level Z-map model which is known as dexel in the literature (Hook 
1986, Kim 94) may be adopted. 

Much research on Z-map applications can be found in various articles, 
including NC toolpaths verification (Andersen 78, Choi 94, Hsu 93, Kim 94, 
Takata 89), computer-aided process planning (CAPP) and die cavity machining 
(Choi 94). Also various research efforts in cutter path generation from the Z-map 
model (Choi 88, Takeuchi 89, Saito 91, Choi 93, Choi 94) can be found. 

Section 2 shows a representation of vertical walls and sharp edges in a Z-map 
form by the use of some extended methods while retaining the simple (see figure 
1) Z-map structure. Several methods to get an accurate (within a tolerance value) 
CL surface in a Z-map form are shown in the following section, and finally some 
examples are presented. 

2 Z-MAP REPRESENTATION OF SURF ACE 

2.1 Computation of a z-value at a pre-defined 2rid point 

Given a set of parametric surfaces, a Z-map z[ij] whose xy-domain bounds 
that of the surfaces can be obtained by evaluating the z-value(s) at each pre-defined 
grid point [ij] (see figure 2). 

Parametric Surface 

z 

X 

Figure l Pre-defined grid points and evaluation of z-values 

Computing a z-value at an (x,y) point is equivalent to evaluating the 
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intersection point (x,y,z) between a surface and an infinite vertical line at (x,y). 
This algorithm is called "2D Jacobian Inversion" (Choi 91), and efficiently 
computes the z-value within a given tolerance value. When multiple z-values are 
obtained, the highest one is chosen to avoid gouging. 
Using differential geometry, the algorithm happens to fail to converge (ie, to 
evaluate an intersecting point). In that case, through a surface tessellation (e.g., 
triangulation) the z-values can be evaluated. 

2.2 Interpolation of a z-value for a domain point 

As shown in the previous section, all the z-values of pre-defined grid points 
can be obtained, and they can be accessed directly from z[ij] by eqn. (3) as long as 
a domain point (x,y) is a grid point 

The problem now becomes the evaluation of a z-value at a domain point (x,y) 
which is not a pre-defined grid point If a set of surfaces has neither a vertical wall 
nor a sharp edge, then we can assume without loss of generality that the overall 
surface is smooth enough to be well represented in a simple Z-map form such that 
the z-value at any arbitrnry (x,y) can be estimated through interpolating z-values of 
neighboring pre-defined grid points. Methods for handling vertical walls and sharp 
edges will be developed in the following section. 

The authors use a "nonparametric cubic Bezier curve interpolating" scheme to 
estimate a z-value by considering 12 z-values of neighboring grid points. A 
nonparametric Bezier curve construction can be found in the literature (Choi 91, 
Farin 97). 

Figure 3 shows 12 grid points on the xy-domain, which constitute four sets of 
control vertices {Vi;i=0, .. ,3} of nonparametric cubic Bezier curves (note that four 
grid points gl,g2,g5,g6 are used twice) such that 

{Vih = {g0,gl,g2,g3 }, {Vil2 = {g4,g5,g6,g7}, 
{Vih = {g9,g5,gl,g8}, {Vi}4 = {gll,g6,g2,gl0}. 

j+le=-'-+---t--e 

L 
X 

v --· I 
> I 6 

P. u 

i+l 

Figure 3 Nonparametric Bezier interpolation 

Then each {Vi} makes a nonparametric Bezier curve, and four z-values can be 
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evaluated from each curve equation with parameter domain values of u or v (ie, u 
for 2 horizontal curves, v for 2 vertical ones, respectively). The (u,v) pair is 
detennined by considering local coordinate values of (x,y) within the local 
rectangular domain (gl,g2,g5,g6) with (u,v)=(O,O) at Po. Now the z-value at (u, v) 
can be estimated through a linear blending of the four z-values. If the domain 
point (x,y) falls into a grid point [ij] within a tolerance, then z[ij] becomes the 
estimated z-value. 

For a domain point (x,y) where all 12 neighboring grid points crumot be 
defined (e.g., on the xy-domain boundary), linearly extended dununy grid points 
are added to construct a complete set of control vertices. 

Comparing the estimated z-values with the exact ones on two typical smooth 
surfaces, we got the following results (t=error value): 

£max= ±1.2xl04 (0) for a bilinear surface: z=lOOsin(1tX/180), 
tmax= ±3.0xl0"5(0) for an upper hemisphere: x2+f+z2=1002, z>70, 
larger £-values occur on near-boundary areas (as predicted}, 

with a grid step distance (interval) of dx=dy= 1 0 (usually 0. 7 0 for a real 
application). Considering that a typical machining tolerance value in finish-cut 
machining of mold and die is in the rrutge of 10·3 to 10"2 0 , we can say that the 
simple Z-map representation works fine for practical mold & die machining as 
long as the overall surface is smooth. Figure 4 shows the scaled error patterns for 
those sample surfaces with dx=dy= 100 and dx=dy=200, respectively. 

(a) z=lOOsin(1tX/180) (b) x2+f+z2=1002, z > 70 
Figure 4 Scaled error patterns when (a) dx=dy=IOD, (b) dx=dy=200 

2.3 Extended models for handling vertical walls and sharp edges 

Most mold die-surfaces contain such features as sharp edge-lines and vertical 
walls, and so does automobile press die-surfaces (e.g., sharp convex edge-lines on 
an outer hood surface). The simple Z-map model, however, has the power to 
represent the special features only with a very small grid interval value (see figure 
5), which cannot always be applied to finish machining due to excessive memory 
storage needs. Accordingly, some other methods should be conceived to overcome 
such difficulties. 
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Figure 5 Wrongly defined vertical walls and shrup edges 
in a simple Z-map fonn 
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In order to represent the local features accurately (within a tolerance), the authors 
adopted the following auxiliary models: 

• Core Z-map mode~ 
• EZ-map (Extended Z-map) modeL 

• Core Z-map model 

A core Z-map, with a much smaller dx and ely (equal to machining tolerance in 
a real application) than that of a simple Z-map, can be thought as a hard steel core 
embedded selectively (and locally) into a large die-surface area. In other words, it 
locally enhances the accuracy of the original Z-map on which it is located (see 
figure 6). Owing to selective localization much less memory storage is required, 
which, while preserving the accuracy and the Z-map form. makes it feasible to 
handle a large domain. 

The "selective" locating of core maps is made possible by identifying areas of 
vertical wall and shrup edge lines (e.g., analyzing the Z-map and parametric 
surfaces). Then, a series of local domains of core Z-maps are defined and 
constructed along a sharp edge line or a vertical wall line (a series of domain points 
each with a local maximum gradient), as shown in figure 6. In general, different 
grid interval values for dx. dy of a core Z-map are assigned to minimize the 
memory usage. Evaluating a z-value on a core map (when a domain point (x,y) 
falls within the core map's domain) is similar to that on a Z-map (section 2.2). 
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co.-. z-map 

YL 
X 

CoN z-map 

\ z(l.j) 
f.rity,-..£.,.,--

Figure 6 Schematic model of Core Z-map 

• EZ-map model 

The EZ-map (Extended Z-map) model defines "edge grid points" on each 
selected grid-line of a Z-map to recover the accuracy, while preserving the 
"localization" property (see figure 7). A grid-line of a Z-map means a 30 line 
segment connecting two consecutive 3D grid points. Identifying a grid-line on 
which edge grid points should be added is similar to the core Z-map model, and the 
number of points is detennined to satisfy the machining tolerance o (i.e., a function 
of dx,dy,o). 

\ 
\ 
\ 
\ 

£dee grid poinl 

ZL 
X-----

Figure 7 Schematic model ofEZ-map 

Evaluating the z-value at an (x,y) domain point is similar to a Z.map, except that 
the edge grid points (if any) are additionally utilized and sharp edge lines can be 
considered. 
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3 Z-MAP REPRESENTATION OF CL-SURF ACE 

3.1 CL surface and the singularity 

A parametric surface model can be represented as a vector valued function 

r(u,v) = (x(u,v), y(u,v), z(u.v)) (4) 

and it is in fact a regular mapping from the parameter domain (u. v) to the 3D 
cartesian space (x.y,z). The CL surface of r(u,v) for a general round-end milling 
cutter with a fixed cutter axis can be defined such that 

r"(u.v) = r(u.v) + a(n- u) + (R- a)(n- A.u)/(1 - 1.2)'"(5) 
where A. = n·u, 

n = n(u, v): unit normal vector at (u, v), 
u = {0,0,1): cutter axis, 
R: cutter radius (half the diameter), 
a: cutter nose radius, 

and any CL point of the cutter (i.e., reference point) is located on r•(u. v). Then. 
eqn. (5) can be reduced to CL surfaces for ball or flat-end milling cutters if a 
becomes R or zero, respectively. The CL surface r•(u.v) is also a vector-valued 
function (x(u.v), y(u,v), z(u,v)), and it may be a regular mapping from (u,v) to 
(x.y,z). 

Nl=N2 

CL Surface 

Face2 

Facet -~ 
zL Face! 

y 

(a) For flat-end cutter (b) For all cutter types 

Figure 8 Singularity of a CL surface 

There possibly exists, however, a CC (cutter contact) point r(u.v) at which a 
regular mapping is impossible due to a singularity (see figure 8), and a unique CL 
point cannot be determined. For example, figure 8-b shows a sectional view of 
two adjoining faces and a common edge, which is convex and tangentially 
discontinuous. In the case of a ball-end milling cutter, a point on the edge curve 
should be mapped into a curve (e.g., a circular arc for a ball-end milling cutter) 
rather than a point, and the edge curve into a surface (eg, a cylindrical surface for a 
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ball-end milling cutter) to fill the gap on the CL surface (dotted line). Figure 8-a 
shows another type of singularity at which. for a round or flat-end milling cutter, a 
gap (dotted line for a flat end-milling cutter ) on the CL surface is inevitable 
without special treatment. 

Some methods to construct a gouge-free CL surface are presented in the 
following sections. 

3.1 CL surface construction 

The computation of a CL surface has been a very important issue in cutter path 
generation, which should be accurate (i.e., avoiding overcut and undercut) and 
efficient in its computation time. A CL surface construction (i.e., offsetting) based 
on the simple Z-map model can be found in the literature (Saito 91, Takeuchi 89). 
However, hardly any enhancement in accuracy has been demonstrated. 

The authors' research group developed the following algoritluns to obtain an 
accurate (within machining tolerance) CL Z-map (EZ-map): 

• Z-~~~~~p-based in'Verse offset, 
• Surface-based inYerse offset, 
• Surface-based offset-facet sampling & edge-based inverse offset, 

where "surface" means a parametric surface, and "Z-map" can be easily extended 
to an EZ-map form. 

• Z-rnap-based inverse offset 

A Z-map obtained from parametric surfaces can be considered as a soft "master 
model", with all the grid points and edge grid points (if any) containing exact z
values. By applying the inverse offset method of a Z-map (Choi 91) to generate a 
CL surface, we can obtain a CL Z-rnap directly from the master model Z-nmp. 
Figure 9 shows the schematic view of this method for a ball-end milling cutter. 

-
Inverse Offset 

Figure 9 Z-map-based inverse offset (ball-end milling case) 

The main advantages of the method are speed (i.e., efficiency in computation 
time) and robustness, that is, in any case it is possible to obtain a CL Z-map 
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regardless of the singularity problem. 

• Surface-based inverse offset 

While it is a Z-map that the previous method employs as a master model, this 
method utilizes the surface itself; sampled isoparametric curves and all the 
boundary edge curves (see figure 10). Each curve consists of a series of 3D points, 
and grid points on the xy-domain are updated so that a CL Z-map can be 
constructed by the inverse offset of 3D points sequence (i.e., inverse cutting 
simulation along the 3D points). The 3D step-over distance between consecutive 
isopammetric curves of a surface is detennined from differential geometry so that 
it satisfies a given tolerance value. The singularity problem (figure 8) is resolved 
through the inverse offset of all boundary edge curves. 

It takes much more computation time than the previous method, since the 
inverse offset should be applied to closely positioned 3D points from the curves. 
In addition, most points in the previous method are regularly spaced grid points (on 
the xy-domain), which makes it possible to utilize a more efficient optimizing 
process (i.e., minimizing the updating area on the domain). 

- -
raceJ Inverse Ollsel 

Figure 10 Surface-based inverse offset (ball-end milling case) 

• Surface-based offset-facet sampling & edge-based inverse offset 

This can be said to be the most efficient method among the three, considering 
both accwacy and speed. We construct a CL Z-map by evaluating the 3D "offset 
triangles" of surfaces rather than doing the inverse offset of isoparametric curves. 
The triangular facet model of a surface can be obtained through tessellation of the 
surface, and each triangle is represented by three vertices located on the surface. 
Then, the "offset triangles" of a surface are constructed so that all vertices on the 
surface are moved to the corresponding CL points according to a given cutter type 
(Eqn.(5)) to become "offset vertices". 

The same inverse offset algorithm is applied to all the boundary edge curves to 
resolve the singularity problems, as in the previous method (see figure 11). 
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Figure 11 Surface-based offset-facet sampling and edge-based inverse offset 

Finally, some error types are defined as follows: 
• £1 = Z-map intrinsic error for representing CL surface (r0 (U..V)), 

• £2 = Z-map intrinsic error for representing CC surface (r(u,v)), 
• £3 = Discretization error of isoparametric curves, 
• £4 = Triangulation error. 

The second error value ( £2) comes from the difference between parametric surfaces 
and the "master model" Z-map, the first (£1) from that between a CL Z-map and the 
ideal CL surface. The third one (e3) is actually a combination of the following two; 
error in discrete 3D points of an isoparametric curve on the given surface, and error 
caused by non-zero step-over distance between the isoparametric curves. The error 
in discrete 3D points of a boundary edge is neglected. The triangulation error (£4) 

comes from the difference between the ideal CL surface and an offset triangulated 
facet model. Roughly speaking, the relations between errors are; £1 = £2 > £3 > £4. 

Now, Table 1 summarizes the presented methods. 

Table 1 Summary: Z-map representation of CL surface 

Method Error total Speed* Accuracy Applicability 

A 
B 
c 2 

l** 3 
3 

A. Z-map-based inverse offset, 
B. Surface-based inverse offset, 

2 
l 
2 

3 
l 

C. Surface-based offset-facet sampling & edge-based inverse offset. 
• Speed for construction ofCL surface. 
• • Number denotes rank (the larger the worse) 

4 EXAMPLES 

Figure 12 shows construction of a "toaster model" Z-map, its CL Z-map, and 
parallel-to-plane toolpaths for a very simple model surface (part of a cmmecting 
rod). TI1e xy-domain of the Z-map is ll0xl200, and the grid interval is 0.70 . 
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When the Z-map is represented in an EZ-map fonn with tolerance=0.02, about 
400Kbytes memory storage is needed (about 7% of all grid lines contain edge grid 
points. with 40 points each). So for the CL Z-map, roughly. 

Figure 13 shows another example with 1880 faces total. The xy-domain is 
1200x9000 with a grid interval of 10. The EZ-map requires about lOMbytes 
memory storage, given the tolerance=0.02. In this case, about 3% of Z-map grid 
lines have edge grid points (with 50 points each). 

(a) CAD data (b) Z-map model 

(c) CL Z-map (d) Parallel-to-plane toolpaths 

Figure 12 Application example: connecting rod (partial) 
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(a) CAD data (b) Z-map model 

(c) CLZ-map (d) Pencil curve machining toolpaths 

Figure 13 Application example: fuel tank 

5 CONCLUSIONS 

It has been shown that the Z-map model and its extended models are powerful 
tools that can be successfully utilized in manufacturing. The main limitations of Z
map are the resolution problem in dealing with "vertical walls" and "real" sharp 
edges and the O(n) complexity problem (i.e., the memory and time complexity is 
proportional to the square of the resolution). Two approaches to handling these 
problems were illustrated; namely, core Z-map and EZ-map models. In addition, 
three methods for constructing a CL surface in a Z-map (or EZ-map) form were 
presented. 

In fact, Z-map type models are utilized in many of the leading commercial 
CAM software systems (Ciiks 91 , Worknc 93), and in a few in-house systems for 
Chrysler Corporation (METD, MI, USA), Hyundai Motor Company (Korea), and 
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other mold & die manufacturing companies. The commercial CAM software Z
MASTER (Zmaster 92) employed a Z-map type model equipped with the 
presented algorithms, and has been used for mold & die manufacturing. 

6 REFERENCES 

Andersen,R0.(1978) Detecting and eliminating collisions in NC machining. 
Computer-Aided Design, V10 N4, 231-237. 

ChoLB.K.(1991) Surface modelingfor CAD/CAM. Elsevier, New York. 
Cboi,B.K., Pmk,J.W. and Jun,C.S.(1993) Cutter-location data optimization in S

axis surface machining. Computer-Aided Design, V25 N6, 377-386. 
ChoLB.K., Chung,Y.C., Park,J.W. and Kim,D.H.(1994) Unified CAM-system 

architecture for die and mould machining, Computer-Aided Design, V26 N3, 
235-243. 

ChoLB.K., Chung,Y.C. and Park,J.W.(1995) Application and extension of Z-map 
model, Proc. of the Pacific Conference on Computer Graphics and 
Applications, Seoul, Aug, 221-234. 

Cliks(1991) CUKSusermanual. ARGO Technos 21, Japan. 
Farin,G.(l997) CAGD: a practical guide. Academic Press, New York. 
Hook.T.V.(1986) Real time shaded NC milling display. Computer Graphics, V20 

N4, 15-20. 
Hsu,P.L. and Yang,W.T.(l993) Realtime 30 simulation of 3-axis milling using 

isometric projection. Computer-Aided Design, V25 N4, 215-224. 
Kim,C.B. and Yang,M.Y.(1994) A study on the verification of 5-axis CNC 

machining. Joumal ofKSME, V18 N1, 93-100 (in Korean). 
Saito,T. and Takabashi,T.(1991) NC machining with G-buffer method. Computer 

Graphics, V25 N4, 207-216. 
Takata.S. Tsai,M.D. and Inui,M.(1989) A cutting simulation system for 

machinability evaluation using a workpiece model. Annals of the CIRP, V38, 
417-420. 

Takeucbi,Y. Sakamoto,M. Abe,Y. and Orita,R.(1989) Development of a personal 
CAD/CAM system for mold manufacture based on solid modeling techniques. 
Annals of the CIRP, V40, 455-458. 

Worknc(1993) WORKNC user guide version 3.5. Sescoi, France. 
Zmaster(1992) Z-Master reference manual. Cubic Tech, Korea. 

7 BIOGRAPHY 

Jung W. Park is a full-time lecturer of mechanical engineering. He received a BS 
in physics from Seoul National University, Korea, in 1987, and an MS from the 
Korea Advanced Institute of Science and Teclmology in 1991, also a Ph.D. in 1995 
from the same institute, all in industrial engineering. He has worked for Chrysler 
Corporation (Chrysler Teclmology Center), USA, from mid-1995 through early 



186 

1997 as a CAD/CAM software system developer. He joined Yeungnam University 
in early 1997. His research interests are in surface modeling, multiaxis NC 
machining, and off-line programming. 
Byoung K. Choi is a professor of industrial engineering. He received a BS from 
Seoul National University, Korea, in 1973, an MS from the Korea Advanced 
Institute of Science and Technology in 1975, and a PhD from Purdue University, 
USA in 1982, all in industrial engineering. He joined KAIST in early 1983, and 
spent a year at Pwllue in 1988, and half a year at UNH (University of New 
Hampshire) in 1996 through early 1997, as a visiting professor. His current 
research interests include surface modeling, CAD/CAM, CAPP, and discrete-event 
system modeling and simulation. 



16 
Probabilistic Approaches for 

Estimating Surface Roughness in 
Multi-pass Horizontal Grinding 

Operations 
H.G.Choi, M.K.Yeo, J.Y.Kim 

Sung Kyun Kwan University, Department of Indusrtrial 
Engineering Suwon Kvong Ki Do 440-746 S.Korea, Phone 
number:(nation code)-991-290-7616, Fax number:(nation 

code}-991-290-761 0, E-mail address:hgchoi@yurim.skku. ac. kr. 

Abstract 

The grinding operation is one of the most popular finishing opera-
tions, which requires high costs and large machining times to achieve a 
given BUrface roughness. Although the operation has been used to pro
duce better surfaces after several interim operations, a few theoretical and 
practical research about its operational characteristics has been presented. 
The surface roughness resulted by an abrasive wheel is the typical char
acteristic. This study presents mathematical models to estimate prob
abilistically BUrface roughness in multi-pass horizontal surface grinding 
operations from the initial surface roughness distributions of a workpiece, 
the distributions of the wheel radius , and the distributions of distances 
between active grains. As a result, we can show either the probability 
satisfying a given surface roughness or the range of surface roughness sat
isfying a given probability when grinding conditions are fixed. Also, we 
can establish the relationship between grinding conditions satisfying the 
range of BUrface roughness under a given probability. 

Keywords 

Probabilistic Estimation , Surface Roughness , Multi-pass Grinding Operations 

1 Introduction 

The surface roughness in grinding operations is determined by a combined ef
fects of irregular factors of a grinding wheel such as rotational speed, feed rate, 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
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diameter, active grain size, and distance between active grains. Vibration, ther
mal effect, and friction between the wheel and a workpiece are another fac
tors to affect the roughness. A lot of existing studies have reported the most 
recommendable roughness values to be obtained experimentally or empirically. 
Recently, however, the need of mathematical models for estimating the surface 
roughness has been exposed to reduce inaccurate estimation or ambiguous de
cisions in grinding areas.[1)[4) Several features of grinding operations have been 
represented mathematically or statistically. Law and et.al[3) presented that the 
distance between neighboring active grains follows an exponential distribution 
and a sum of the wheel radius and the active grain size follows a Z distribution. 
Malkin[4) presented that the irregularities on a workpiece surface come from 
the wheel characteristics such as grain sizes, wheel radius, wheel material, etc. 
Also, he suggested uniform distributions for both the distance between neigh
boring active grains and the active grain sizes because the grain extraction and 
bonding methods have been evolved to make more uniform wheels. 

In this study, a probabilistic modeling approach is used for estimating ac
curately surface roughness under mathematical characteristics of a wheel. A 
horizontal grinding machine is assumed to perform grinding operations. A 
worktable with a loaded workpiece moves back and forth to obtain a speci
fied surface roughness while a wheel continuously rotates. It is hard to achieve 
a given roughne88 by one pass of the worktable, and so multiple number of 
passes are usually required. The following assumptions are adopted to estimate 
surface roughness in horizontal grinding operation: 

1. The number of passes will not affect to the wheel characteristics. 

2. The active grain size is smaller than the initial surface roughness of a 
workpiece in multi-pass cases. 

3. The cutting fluids and wheel dressing are not applied. 

4. The surface roughness is not affected by irregular factors such as vibration, 
thermal effect, friction, etc. 

Assumptions 1., 2., and 4. describe that no factors related to the wheel wear 
are considered. The second assumption means that the initial surface roughness 
of a workpiece is ground repeatedly to obtain a desired roughness. 

2 Ideal Surface Roughness in Horizontal Grind
ing Operations 

In this study, the ideal surface roughness equation presented by Malkin[4) has 
been used for deriving a probability density function of surface roughness. The 
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ideal surface roughness[4] depicted in Figure 1 is determined by Equation (1). 
Every pass of the grinding wheel over a workpiece creates a new roughness rep
resented by Equation {1). 

Workpiece 

Figure 1: Ideal surface roughness[4]. 

(1) 

Where Re=ideal surface roughness(peak-to-valley surface roughness), V,=rotational 
speed of a spindle or a grinding wheel, Vw =work table speed, X =distance be
tween neighboring active grains, Y = ds/2, Z =X2 / Y, d, = wheel diameter. 

Rt is a function of Z and is a random variable. When a statistical distribution 
is defined for the distance between the active grains or for the wheel radius, a 
probability density function of surface roughness fu(u) is defined for multi-pass 
cases. 

3 Probabilistic Models 

When a workpiece surface is ground several times to obtain a given roughness, 
the (n-l)th roughness is affect to the nth roughness where n is the number of 
travels required for a worktable. In this study, the initial surface roughness ( T) 
is set as a uniform distribution. The highest roughness and the lowest roughness 
of the initial surface are h and g, respectively. Then, the roughness is reduced 
in every pass as much as the constant amount,Rt. 

h(t) = h:gl(g,h}(t), R~n] : surface roughness after the nth pass 

where I(g,h}(t) is an indication function which is defined by either 1 in the 
range of g ::; t ::; h or 0 in other ranges. 
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~n-1) _ Rt = .Ri"]. 
Then, these equations are combined together and simplified as follows: 

T- .2Rt = R~'] (T- Rt = R~1 1). 
T- 3Rt= .Ri31 • 

T- nRt = R1"1. 
T- nRt = T- {JZ = U (P = ;~, U = R~"l) . . 

BothT andU are random variables. Then, the p.d.f of surface roughness is 
defined by /u(u) for multi-pass cases. 

3.1 Uniform distance and uniform radius 
Both the distance between neighboring active grains, X and the wheel radius, 
Yare defined as uniform distributions, 

/x(z) = ,:al(a,IJ)(z), fy(y) = f-clcc,d)(Y), K2 = 3(b- a)(d- c)(h- g) 

where I(a,ll) (z) is an indication function that is defined by either 1 in the 
range of a :S X :S b or 0 in other ranges. I(c,d)(Y) is defined similarly. Then, 
two separated p.d.f must be defined as follows: 

• CASE I ( ~ < a:) 
/u(u) = i;-{-3bc+ 2c.fC/? + ~}J(g-IJ:2 ,g-1J:2>(U) 

1 £ §!t_ +K2 {3ac-3bc+ g-u- g-u}I(g-¥,o-~)(U) 

+:i;-{3ac+3bd- 3bc- 2d../d ~- P!t...9~:}1( flb2 1J"'2)(U) 
2 V T o--;z-,o--;r 

+ h:ol(u-¥,h-fl:2>(U) 

+ i 2 {3ac+3bd- 3ad- 2c..fifl-- f~:}I(h-~,h-¥)(U) 
+i;-{3bd- 3ad+ ~~:- ~~:}J(h-1J:2 ,h-~)(U) 
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+~{-3ad+2d-/ii..jl7- + ~~:}I(h-~,h-~)(U) 

• CASE II (!1: < ~) 
/u(u) = :i;{-3bc+2cv'C ~ + P!t...,~:}I( !!! .llb2)(U) 

II v T g- c ,g-,-

+ i'{3bd- 3bc+ 2(cy'C- d-/ii.){?}I(u-~.u-.e:2l(U) 
+ i"{3ac+3bd-3bc-2d-/d{?- ~}J(u-~.u-~l(U) 
+ h:,I(g-~,h-~)(U) 
+ i'{3ac+ 3bd- 3ad- 2c../C~- f~:}I(h-~,h-~)(U) 
+ _,:11 {3ac- 3ad + 2(dV(i- c..(C).jiii-}I(h-~,h-~ l (U) 

+ ~{-3ad+ 2d-/ii..jiii- + f~:}I(h-¥,h-e_f.)(U) 

3.2 Exponential distance and uniform radius 
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When the p.d.f of the distance between neighboring active grains and the p.d.f 
of the wheel radius are given respectively as follows: 

/x(z) = ~e-.b, fy(y) = f-clcc,d)(1J), Ka = (e-~a- e-~b)(d- c)(h- g) 

the p.d.f of /u(u) for Case I and Case II are obtained. 

• CASE I(~< a:) 
# (u) = {Abe-·u(20~+6b8~H4~2 ) _p_ + 2~c>@ 6 -~.;cJ"¥ 
lv. 60Ka g-u 3K8 y Te 

+ Ua~~~ '{/ e -A..fCj'¥ + 3~aac\@ . 6 ll.::!.e-~..fCj'¥ 
~ 20Ka VT ~ 

+"oi.('jt)2e-A.;cj'¥ + ~~"oo't{¥(9)2e-A.;cj'¥ 
Abce-u A11b11ce-n A8 b8ce-n 7A"b"ce-u A5 b5ce-.u }J ( } ---rs- - 2Ks - 6Ka - 72ok8 - 18ook3 (g- .11~11 ,g- .e:2 ) 'U 

+{Abe-n(20b2+5b3~+b"~2)-~ae-""(20a2+5a3~+a4 ~2 ) _p_ 
60Ka g-u 

~flce-n ~2b2ce-n ~3 b3ce-u 7~4b4ce->.b ~6 b5 ce->.b 
-~- 2Ka 6Ka 720Ka 1800K3 
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>.ade-.1." >.2 a2 de-AG >.3 a3de-h 7>.4 a4de-h >.5 a5 de-"" 
Ka 2Ka 6K8 720K8 - 1800K3 

{ >.ae-.1."(20a2+1ia8 A+a4 >.2 )->.lle-><b (20112 +5113 >.H" >.2 ) ..JL_ 
+ 60Ka h-u 

>.ade-AA >.2 a2 de-AA >.3 a3 de-"" 7X'a"de-h >.5 a5 de-h 
Ka 2Ka 6Ka 72oka 1800Ka 

>.bde-u >.2 b2 de-u >.3 113 de-><b 7>.4 114 de-><b >.5 115 de-><b }J ( ) 
+---ra- + 2Ka + 6Ka + 720Ka + 1800Ka (h-!#,h-~) 'U 

+{>.ae-AG(20a2+5a8 >.+a">.2 ) 13 + 2>.'k{ii {;;:;;; ->.Vii.JF¥ 
eoka I=U 3 a y Te 

+5>.2 d2 h-ue->...rd.JF¥ + 3>.3 d2 0i !;;:;;;h-ue->...rd.JF¥ 
12k3T 2o1<3y TT 

+ 7>."d8 (h-u)2e->.../d~ + >.5 d3/l !;;:;;;(h-u)2e->.v'ii~ 
12oka T 1soo a V T T 
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>.bee->.& >.2 1>2 ce->.& >.3 b3 ce->.& 1X"b4 ce->.& >.5 b5 ce->.& 
-~- 2Ks 6Ks 720Ks 1800Ka 

>.bde->.b >.2b2de->.b >.sbsde->.b 7>.4b4de-.ll& >.5b5de->.& }J ( ) 
+~ + 2Ks + 6Ks + 720Ks + 1800Ka (g-~,g-~) U 

+{->.ae-.ll"(20a2 +5a9 >.+a4 >.2 ) ..JL. _ 2>.dv'd ~e->.v'd..,(ii1 
60Ks g-u 3Ks V T 



194 

>.ode-A" >.:za:zde-A" >.aaade-AA 7>.4a4de-A" >.6a6de-A" 
Ka 2Ka 6Ka 720Ka - 1800Ka 

All/u(u) derived so far have the following properties: 

• /u(u) ~ 0. 

• Compute f~: /u( u )du = 1. 

• fu(u) is piecewise continuous. 

• For any interval (p,q) , Pr(p ~ u ~ q) = J; /u(u)du. 

3.3 Analysis of probability density functions in multi-pass 
cases 

Each probability density function has a similar shape with others, but has a 
different slope. The probability of a surface roughness for the multi-pass cases 
is determined by the following procedures: 
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u 

Figure 2: the shape of fu ( u) 

• Define Vw and V8 

• Define a, b, c, d, h, g, and A 

• Specify a surface roughness to be achieved: p ~ u ~ q 

• Compute J; fu(u)du 

The detailed results can be summarized for multi-pass cases as follows: 

1. Hthe distribution of {XIO <a~ z ~ b},{YIO < c ~ 1J ~ d}, and 
{TID< g ~ t ~ h}is given, respectively, all the p.d.f fu(u) are similar shapes 
having a maximum probability value between g - ~ and h - ~ of U. Es
pecially, the probability is constant in the middle stage of a curve when the 
roughness goes higher. This result can lead to set higher roughness values so 
that the grinding cost can be reduced. 

2. As a reversed situation of 1., if Pr(p ~ u ~ q) is given, the correspond
ing surface roughness can be estimated in each case. Since the p.d.f fu(u) is a 
kind of parabolic curves, multiple roughness values are possible with an equal 
probability. The machining cost would be the most critical factor to select the 
appropriate surface roughness. 

3. H a desired surface roughness along with the probability is given, some 
critical machining parameters such as v. and Vw can be determined. Also, the 
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number of passes required to accomplish a given roughness can be derived as 
follows: 

n < s?Ji .. 
4 Measuring Distance and Wheel Radius 

Both the distance between neighboring active grains and the wheel radius of a 
grinding wheel are the most critical characteristics used for estimating surface 
roughness in this study. The standard marking system[4] for abrasive wheels 
has either six or eight parameters dependent on wheel materials, for example, 
aluminum oxide and silicon carbide or diamond and CBN. Two parameters such 
as the abrasive grain size and concentration number(or structure) are directly 
related to this study. The grain size can be obtained by d9 (mm) = 68M-L4 

where M is a value of the second parameter in the standard marking system. 
For the distance between adjacent active grains, the volumetric concentration of 
abrasive grain in the wheel can be determined first by D9 (%) = 2(32- S) where 
Sis a value of the fourth parameter( concentration number) in the marking sys
tem. Then, the distance between the active grains can be found by Equation (2). 

'll'd d -~ d ..adlJ, - g- D, - g 

• 
(2) 

where d, is a wheel diameter. 

5 Conclusion 

The major focus of this study is the probabilistic estimation of surface rough
ness in the grinding operations when the characteristics of a grinding wheel are 
specified. The characteristics of the wheel are simplified to two factors: the 
distance between neighboring active grains and the wheel radius. Although the 
two characteristics are represented by statistical distributions, other important 
features of grinding such as vibration, thermal effect, friction, wheel dressing, 
etc. can be added to the current model for developing more realistic models. 
The authors have started working on this extension. Either mathematical or 
probabilistic representations is helpful to develop better grinding conditions, to 
forecast surface roughness, to minimize manufacturing cost and to be competi
tive in product quality. 
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Abstract 
A new melhod for precision surface grinding which is termed "workpiece modulation" is studied in this paper. Simu· 
lations and experiments have shown that workpiece modulation improves ground surfsce quality. Simulations show 
that surface tellture as quantified by 20 power spectrum for a single pass with modulation is similar to surfsce texture 
from a multiple pass grindins operation without modulation. The effect of process parameters of this new process is 
analyzed by factorially desisned simulations. General rules for selecting grinding process parameters for this new 
method are siven based on the simulation. 

Keywords 
Grinding, Simulation, Surface Texture. 

1 INTRODUCTION 

Grindin& procciS is the common collective name for machining processes which utilize hard abrasive particles as the 
cutliq medium. Ac:c:ording to (Malkin, 1989), grinding is a major manufacturing process which accounts for about 
:Z0.2S'lll of the total Cllpenditures on machining operations in industrialized countries. The development of diamond 
and cubic boron nitride supcrabruives, powerful machinery and machining technology has led to a considerably 
more efficient grinding proccu. Ground surface quality generally consists of two aspects: surface integrity and sur· 
face tellture (Malkin, 1989). Surface integrity is associated with mechanical and metallurgical properties of the work· 
piece and is JCIICIIliY associltccl with the thermal damage caused by the excessive pindins temperature. Surface 
texture usually refen to the topopaphy of machined surfaces. The line-scale toposraphy of sround surfaces shows 
oYerlapping cutting scralcbes in the direction of relative motion between the wheel and workpiece. There are also 
scallops in the workpicc:c feed direc:tion which results from runout(Fig.l). Simulations and experiments have demon· 
stratcd that in surface grindiq the roushness in the cross feed direction is larger than in the feed direction (Domala, 
199.5). Surface finish has an important role in the wear, lubricating and optical properties of products. Further 
improvement of the pound surface quality can be done by some non-conventional processes such as electro-polish· 
iq and lillishins operations such as lapping and polishing; however, this usually involves high cost for the additional 
machinery and~-

Computer Applicalions in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
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Workpiece 
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"' d d d ' c\\Of< i'o"l ree an cutting irectron ~\f~ o'~~"' 

"l 
Flpn 1 Surface generation in a surface grinding process. 

A new method (workpiece modulation) for improving the precision surface grinding quality was proposed 
recently (Wang, 1996). lbis method uses high-frequency vibratory movement of the workpiece in its cross feed 
direction can reduce the surface roughness in this direction and therefore the overall surface roughness. A micro-actu
ator based workpiece modulation system was implemented on a conventional surface grinding machine (Fig.2). 
Experimental results show that it offers an effective means of improving the quality of the ground surface texture. 

Oscilloscope I 
Grlndina Process 

Figure 2 System of workpiece modulation in precision grinding with workpiece actuator. 

This paper studies the effect of workpiece modulation on the ground surface quality. The grinding process 
parameters which are workpiece feed, wheel speed, workpiece modulation frequency and workpiece modulation 
amplitude are studied by factorial designed experiments through a three dimensional simulation of the grindina pro-
cess. 

2. Simulation or the workpiece modulation In surface grinding process 

The simulation method in this paper is illustrated in Figure 3. A three dimensional grinding simulation procedure was 
developed. The output simulation results are 3-D simulated ground surface data. During simulation, each grit on the 
wheel surface is checked for interference with the workpiece surface. If intereference occurs, the workpiece surface is 
modified accordingly and the chip thickness, cross sectional area and volume are recorded. At the end of the simula
tion, the parameters of the average chip geometry and its distribution can be obtained. 
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Flpn 3 Three dimensional simulation of grinding process 

3. Simulated arowulsarla&:e eharacterlzation 

Simulations were conduc:ted with and without workpiece modulation. The simulated ground surface data are ana
lyzed by 2-D Fourier 11'8nsformalion. The simulated ground surface height data are denoted as S(x,y), and the 2.-D 
FFT can be done by: 

(I) 

where: p=O, 1, ... M-1; q=0,1, ... N-1: are the array coordinates of the surface heights. Correspondingly, F(ml' m9) is a 
matrix of Fourier coefficients, 01p and m9 are the angular frequencies in the two orthogonal directions. The power 
spec:lnlm density or the power associated with each frequency, P(ml' m9) can be obtained by: 

(2.) 

where F" is the complex conjuaate of F. The magnitude of the power will determine the extent of sianificance of a 
certain frequency and hence can be used as a measure of relative importance. At. reported by Domala et al (Domala, 
199S), the spatial dynamics of the wheel and workpiece surfaces are related. Due to the kinematics of the straight sur
face Jrindina process (one-climensional motion in the feed direction), the spectrum of the wheel surface is trans
formed into a distribution 110111 a line perpendicular to the feed direction on the workpiece spectrum pattern. Further 
analysis indicala that additional Jrinding passes cause the power of the ground surfaces to decrease implyinathat the 
surface is JOUiq smoother as would be expected. 

Fipres 4 and S show the power spectrum of simulated ground surfaces after a single pass without and with 
workpiece modulation in the crou direction. It can be seen clearly that introducing workpiece modulation lowers the 
power spectrum; therefore the pound surfaces are smoother with workpiece modulation than withouL In other 
words, introducing wOrkpiece modulation is similar in benefit as performing multiple-passes. Therefore, this new 
method I_Jas the potential to significantly improve the grinding efficiency. 
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Figure 4 Power spectrum of a ground 
surface in a single pass without actuation 

: :-:rAtz· ~ , ... _ 
Figure 5 Power spectrum of a ground 
surface in a single pass with actuation 
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Generally speaking, surfaces can be classified into homogeneous and inhomogeneous surfaces. The statisti
cal properties of surface texture are invariant with respect to translation of area of examination for homoaeneous sur
faces. Homogeneous surfaces can be divided into deterministic and random surfaces. The texture of a deterministic 
surface has strong properties. Current surface evaluation practice is often based on the assumption that a surface in 
question is homogeneous and deterministic (Chao, 1995). 

Based on an understanding of the intrinsic properties of surface topographic features and parameters, a pri· 
mary three dimensional parameter set was proposed (Dong, 1994). Some of the parameters included in the primary 
parameter set are extended from their 2-D counterparts; others are specifically defined for characterizins 3-D surface 
topography. In this paper, we use the following three dimensional parameters similar to those introduced in (Chao, 
1995 and Dong, 1994) to characterize the ground surfaces: 

Average Surface Height: 

(3) 

where (. and 11 are the side lengths of the sampling surface area of concern, S(x;.y1) is the surface height data after 

substraction of the reference plane (usually a least square plane). This is a parameter similar to the 2-D arithmetic 
deviation parameter. 

Root Mean Square Deviation of Surface Topography: 

N M 

s," flt;t/<.x.y).txdy • ~NI, _I,Ic.x,,yil (4) 
~, J•ll• l 

RMS deviation has a definite meaning in statistics, i.e. sample standard deviation, which can also be derived from the 

autocorrelation function. 

Skewness of Topography Height Distribution: 

N M 

S,t = ~[_[_ _((x,y)p(TI)dxdy• ~ L L,s3 (x1,yi) 
:>9 MN:>qi•J;. 1 

(S) 

where p(lJ) is the probability density function of the surface S(x,y). Skewness can be used to describe certain aspects 
of the shape of a topographic height distribution. For a surface which has a symmetric distribution, the skewness is 
zero. For an asymmetric distribution of topography heights, the skewness is negative if the distribution has a longer 
tail at the lower side of the mean plane or positive if the distribution has a longer tail at the upper side of the plane. 
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Kurtosis of Topography Heighl Distribution: 

I I N M 
Sb = 4[_[_ l(x,y)p(ll)tb:dy• - 4 L L S(XrYj) 

S9 MNSqi•ll•l 
(6) 

Kurtosis is always presented in conjunction with the skewness to describe the shape of the topography height distri
bution.It is a measure of the sharpness of the topography height distribution. A Gaussian surface has a kurtosis value 
of 3. A narrowly distributed topography height distribution has a kurtosis value larger than 3 whereas the kurtosis of 
a broad height distribution is smaller than 3. 

Tho simulated ground surfaces with and without workpiece modulation arc analyzed using the above four 
three dimensional surface characterization parameters. The results arc documented in Table I. It can be seen clearly 
that vibratory modulation reduces the three dimensional surface roughness both in terms of average surface height 
and RMS value. Tho skewncas and kurtosis data indicate that the ground surfaces generated with modulation have 
some sharp pcalcs above the reference plane and this result needs to be investigated further. 

Grinding Method s. Sq s* Sku 

Without Workpiece Modulation 2.0 2.5 1.08 3.61 

With Workpiece Modulation 1.1 1.4 1.34 4.26 

'l'llble 1. Ground surface characterization parameters (J.un) 

4. Chip thlcluaea distribution of the grinding procas 

Almost all of the existing grindins chip thickness models arc derived in an average sense. The random spacing and 
irregular shape of grinding Brits makes an analytical derivation for chip thickness difficuiL Those models do not give 
a distribution of chip thickDcsa and they cannot predict the effect of workpiece modulation on chip thickness; simula
tion was therefore used. The individual chip thickness is simply calculated by subtracts the current surface height 
from the previous ono at the individual points where cutting happens. 

Figures 6 and 7 show the chip size distribution with and without modulation. The distributions arc similar 
although the number of the ''small thickness" chips is slightly bigger for workpiece modulation than without. The 
eft'cct of the process panmctcrs on the average chip thickness will be discussed in the next section. 

t 
'II 

t 

cbip Ilia {le.IIIJD) 

F"JgUre 6 Chip thickness distribution 
without workpiece actuation 

<hip size (Jdl.IJUD) 

Figure 7 Chip thickness distribution 
with workpiece actuation 

5. Study of the process parameters by factorially designed experiments 

The experimental design is focused on evaluating the influence of process parameters on surface roughness and chip 
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size,. 
Four process parameters workpiece feed (factor A), wheel speed (factor B), workpiece modulation frequency 

(factor C) and workpiece modulation amplitude (factor D) wen: simulated in a 2k factorial design experiment. Sixteen 
different combinations of the levels of the four process parameters are designed. With the help of normal probability 
plots, the significant effect of the parameters can be identified. The significant effect of the paramelers can also be 
identified through the analysis of variance (ANOVA) by using Yates' algorithm (Montgometry, 1991). 

Sutface Roughness: 

The normal probabilily plot of the residuals of the RMS values of the simulated ground surfaces for different combi
nations of the grinding paramelers is plotted in figure 8. All of the effects that lie along the line are negligible, 
whereas the large effects are far from the line. The imponant effects that emerge from this analysis are the main 
effects A, B. C and the AB interaction. The ANOVA table of this analysis is shown in table 2. At the 0.05 level (which 
is the 9591> confidence level), the A, B, C and AB have significant effect which agrees with the normal probability plot 
analysis. The surface roughness increases with an increase in workpiece feed or decrease in wheel speed. Therefore, 
a favorable approach to increasing production levels while maintaining the required surface finish would be to 
increase both the workpiece feed and the wheel speed. The frequency of the workpiece modulation frequency (factor 
C) has significant effect on the surface roughness. The surface roughness decreases with increasing modulation fre
quency as more grits have the opponunity to impact the same ponion of the workpiece. Vibratory movement of the 
workpiece also has the effect of destroying the scratches generated in previous revolutions. The modulation ampli
tude is found to be insignificant to the surface roughness in this simulation. The AB interaction effect is plotted in fig
ure 9. It means that at high wheel speeds the surface roughness is less sensitive to changes in feed rate. 

c. 
8. 

e AB 

Figure 8. Normal probability plot of residuals 
for RMS surface roughness 

AB interaction 

B=-
3. 

B=+ 

2.0 

1.0 

A + 
Figure 9 Interaction effect of wheel speed and 
workpiece feed on surface roughness 
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Source of Sum of Degrees of Mean Fo 
Variation Squares Freedom Square 

A 2.4025 I 2.4025 40.72 (*) 

B 0.7225 I 0.7225 12.25 (*) 

c 0.6400 I 0.6400 10.84 (*) 

D 0.0025 I 0.0025 0.38 

AB 1.4400 I 1.4400 24.40 (*) 

AC 0.2025 I 0.2025 3.43 

AD 0.0400 I 0.0400 0.68 

BC 0.0625 I 0.0625 1.06 

BD 0.0100 I 0.0100 0.17 

CD 0.0225 I 0.0225 0.38 

Error 0.2950 5 0.0590 

(*): Significant at 0.05 level. Fo.os(l, 5)=6.61 
Table 2 ANOVA table for RMS surface roughness 

Source of Sum of Degrees of Mean Fo 
Variation Squares Freedom Square 

A 0.4029 I 0.4029 149.22 (*) 

B 0.5948 I 0.5948 220.30(*) 

c p.0114 I 0.0114 4.22 

D 0.0710 I 0.0710 26.30 (*) 

AB 0.0512 I 0.0512 18.96 (*) 

AC 0.0017 I 0.0017 0.63 

AD 0.0086 I 0.0086 3.19 

BC 0.0001 I 0.0001 0.04 

BD 0.0223 I 0.0223 8.26 (*) 

CD 0.0015 I 0.0015 0.56 

Error 0.0133 s 0.0027 

(*): Significant at 0.05 level. F o.os< I, 5)=6.61 
Table 3 AN OVA table for the chip thickness 
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Soun:eof Sum of Desrees of Mean Fo 
Variation Squares Freedom Square 

A 6.5850 I 6.58SO 120.47 (*) 

B 8.1033 I 8.1033 142.51 (*) 

c 0.0888 I 0.0888 1.56 

D 1.0784 I 1.0784 18.97 (*) 

AB 2.067S I 2.0675 36.36 (*) 

AC 0.0319 I 0.0319 O.S6 

AD 0.3215 I 0.3215 5.65 

BC 0.0074 I 0.0074 0.13 

BD 0.6651 I 0.6651 11.7 (*) 

CD 0.0147 I 0.0147 0.26 

Error 0.2843 5 0.0569 

(*): SipificantatO.OS level. Fo.os(l, 5)=6.61 
1ible 4 ANOVA table for the chip area 

Soun:e of Sum of Degrees of Mean Fo 
Variatioa Squares Freedom Square 

A 1.9097 I 1.9097 289.35 (*) 

B 1.5029 I I.S029 227.71 (*) 

c 0.0856 I 0.0856 12.97 (*) 

D 0.0376 I 0.0376 5.61 

AB 0.2858 I 0.2858 43.30 (*) 

AC 0.0806 I 0.0806 12.21 (*) 

AD 0.0124 1 0.0124 1.88 

BC 0.0114 I 0.0114 1.73 

BD 0 I 0 0 

CD 0.0041 I 0.0041 0.62 

Erroc 0.0331 s 0.0067 

(*):Significant at O.OS level. Fo.~(l, 5)=6.61 
Table 5 ANOVA table for the chip volume 



206 

Chip Geometry 
In order to calculate the chip a-netry in tenns of chip thickness, chip area and chip volume, the grits of the wheel 
are assumed to be spherical and the procedure for calculating these parameten are given in (Miller, 1996). The 
ANOVA table for the chip geometry with the process parameters are shown in table 3 to table S. 

For the average chip lhickness, the main factors that have significant effect are workpiece feed, wheel speed 
aild modulalion amplitude. The average chip thickness increases with increasing workpiece feed or decreasing wheel 
speed. The average chip thiclaless also increases with increasing modulation amplitude while the modulation fre
quency does not have a significant effect. The interaction between workpiece feed and wheel speed (AB) and between 
the wheel speed and modulalion amplitude (BD) also have significant effect on chip thickness as shown in figure 10 
and fipre 11. The factors that affect the chip thickness have similar effect on the chip area, which can be seen from 
the ANOVA table 4. 

AS interaction 

0.6 

0.4 

0.2 

Figure 10 Interaction effect of wheel speed and 
workpiece feed on chip thickness 

BD interaction 
o. 

0.3 

0.2 

8 + 
Figure lllnterac:tion effect of wheel speed and 
modulation amplitude on chip thickness 

For the average chip volume, the main factors that have significant effect are workpiece feed, wheel speed 
and modulalion frequency. The average chip volume increases with the increase of workpiece feed and decreases 
with the increase of wheel speed. An increase in modulation frequency generally decreases the average chip volume; 
however, there is a significant interaction effect between workpiece feed and modulation frequency (figure 12). The 
interaction between workpiece feed and wheel speed also has significant effect (figure 13). 

AC Interaction 
160 C=· 

C=+ 
12D-

80-

40-

A + 
F'JgUre 12 Interaction effect of workpiece feed and 
modulalion frequency on chip volume 

AS interaction 
16 

12o-

80 B=+ 

40 

A + 
Figure 13 Interaction effect of wheel speed and 
workpiece feed on chip volume 

Based on the statistical analysis, we may conclude that a higher workpiece modulation frequency decreases 
surface roughness. Chip thickness and chip area do not change significantly with modulation frequency, but are 
impacted by a change of modulation amplitude. Therefore, for workpiece modulation in grinding, the favorable 
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choice or the process parameters are: the wheel speed should be high, the workpiece feed should be slow, the modu
lation frequency should be high. The statistical analysis indicates that small vibration amplitude is favorable. How
ever, a very small amplitude would be the same as grinding without modulation. Therefore, an optimum exists. 
Further analysis indicates that the optimum amplitude is approximately the grit radius (fig. 14). 

Figure 14 Effect of modulation amplitude. 

6. Conclusions 

A new method for precision surface grinding which is termed "workpiece modulation" is analyzed in this paper. The 
grinding process is simulated in three dimensions. The simulated ground surface is analyzed using three-dimensional 
surface parameters. The results show that vibratory modulation in the workpiece cross feed direction can reduce the 
surface roughness. The grinding process parameters for this new method are analyzed by factorially designed simula
tions. The results show that for high quality surface grinding, a favorable way in choosing process parameters is: high 
wheel speed, low workpiece feed rate, high workpiece modulation frequency, the amplitude should be equal to the 
radius or the grit diameter or the wheel. 
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Abstract 
Tooling is an important and expensive part of any manufacturing enterprise. An 
application-based tool management system was developed for a machining company that 
bad a total expenditure of over a million dollars per annum on tooling alone. The system 
was developed on a relational database system available on a PC network. All different 
types of tools, their cost, supplier location of the tooling, and other relevant infonnation 
were built into the system for management to make the right decisions on tooling. The 
paper gives an overview of the tooling system and describes the individual modules and 
~eir interrelationships, including some of the important files. It also describes how the 
system helps the company controlling tool costs and inventory. 

Keywords 
Tooling management, auto1nated manufacturing, data flow diagram, database, flexible 
manufacturing system, computer integrated manufacturing, management information 
system 

1. INTRODUCTION 

In a recent survey paper 011 tooling management, Gray et al. (1993) identified the lack of 
attention to tool 1nanagement issues as the primary reason for the poor perfonnance of 
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many manufacturing facilities. Tite management of the increased number of tool 
components and their application requirements has also hindered increases in productivity. 

Implementation of an encompassing tool management system is one of the most essential 
aspects of an effective automated manufacturing system (AMS). As automated 
manufacturing systems, especially flexible manufacturing systems (FMS), have become 
more common, there is evidence that a lack of attention to structured tool management has 
resulted in an increase in machine downtime, leading to a decrease in productivity. Many 
companies today cannot achieve on-time delivery or operating efficiency, not because of 
the lack of materials, machines or labor, but because of not having the right tooling at the 
right time. 

In addition to being an integral part of an automated manufacturing system, tool 
management also bas direct cost implications. Industry data show tltat tooling could 
account for 25% to 30% of production costs in an automated manufacturing system (Chen 
et a/., 1993). Use of proper tool management metltods in an AMS is tlms critical in 
preventing losses due to operator error, overstocking and understacking of tooling, 
damaged tools, lost or misplaced tools, and poor quality parts. Indeed the growing 
recognition is tltat AMSs may operate with partial tool management, but the full potential 
oftlte new technology will not be realized witltout proper tool management. 

The entlmsiastic participation at tlte conferences on various issues of tool management 
demonstrates the pervasive interest among academia and practitioners. Because of the 
great interest directed toward tooling problems, papers addressing various issues of tool 
management have recently appeared in various joumals including International Journal of 
Production Research, International Journal of Flexible Manufacturing Systems, Journal of 
manufacturing Systems, and Journal of Operations Management (Chen eta/., 1993). A 
computerized tool management system should be used by companies aspiring to ISO 9000, 
the Malcolm Baldridge Award or just cost cutting through better quality, organization and 
control. This paper describes a systematic way to design and develop a tool management 
relational model that can be adopted as a guide to develop tool matmgement systems used 

. in a computer integrated manufacturing (CIM) environment. 

2. TOOL DATABASE 

A tool database is tlte core of a tool management system in FMS. Toolmattagement is not 
a single, simple activity, but it is composed of a complex and pervasive set of functions 
(Frechette, 1992). An important ingredient in management infonnation systems is the 
database that represents the heart of the information system and provides a common data 
storage for consistency of application. 
In particular a common database for all tools' data, which can be shared attd retrieved by 
all work centers, will eliminate tlte redundancy and duplication of tool inventory, effort in 
tooling plans, and facilitate tool chattgeovers. For example, a production planner must 
know what tools can be used, how many useful tools exist and tlteir whereabouts, oUter
wise a production plan cannot be scheduled properly. Production planning and process 
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control systems must be updated or changed in real time, otherwise the operation of the 
system can be disrupted. Part programmers must know the actual sizes of tlte tools and 
their characteristics and behavior in different conditions, otlterwise part programs cannot 
be generated properly, causing lower quality and productivity (Torvinen and Salminen, 
1991). 

A common database for all tooling and machining data provides tlte following 
advantages 

First, it encourages tool standardization in the company, and this 1ninimizes tool 
redundancy. Second, it can help to opti1nize tool selection. Third, it provides the user 
with a comprehensive pool of information with regard to cutting technology. It will aid in 
the selection of cutting tools, cutting fluid, speed, feed, dept11 of cut and tool change 
frequency for new operations. In addition, it improves tool inventory control and assists in 
rationalizing tool utilization. Furtltennore, it increases tlte effectiveness of tool data 
monitoring and management systems. Finally, it provides valuable tool data for simulation 
studies (Elmaraghy, 1985). These benefits require a vast amount of analysis and system 
development work. Every piece of useful information must be identified so t11at the 
database can become tile core of t11e tool management system in FMS. 
Figure 1 illustrates tile tool management system in a CIM environment. Note tltat from a 
tool management point of view, t11e links witl1 U1e design and process planning must be 
emphasized. The links between tool management and other systems, such as accounting, 
purchases and inventory, are well known. In a complex CIM system, tooling infommtion 
needs to be used at different times, for different purposes and by different users in a variety 
of subsystems, including production planning, process control, dynamic scheduling, part 
programming, tool preset and maintenance, assembly and stock control (Evershim, 1991). 

3. TOOL MANAGEMENT MODEL 

The requirements of such a system were identified t11rough integration of t11e collected 
information using tools such as IDEFO functional analysis and data flow diagramming 
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(DFD) technique. This became the basis for the design of relations and the database, 
which was implemented using a based relational database management system. 

The IDEFO methodology is a top-down hierarchical method providing a technique for 
modeling a complex manufacturing system. It can help to identify the infonnation needs 
of the manufacturing system. From the integration of infonnation point of view, 
constructing an IDEFO model of a manufacturing system is tlte first step to understanding, 
documentation and implementation of a manufacturing system (Goodwin, 1989). Revision 
of IDEFO models is recoamuended before any furtlter developments. Figure 2 shows the 
role of the different tool databases in t11e tool management function. TI1e following is a 
brief description of the major elements of tlte system. 

Tools are received and stored initially as components. The main components for 
assembling complete tools are tool-holders and tool Inserts. According to t11e tool setup 
specifications, tool components are assembled, preset and, in some case, measured for 
offsets. The offsets data arc used by the machining centers to determine cutter 
compensation. 
Groups of tools for specific operations are issued to the machine tool chain. Retum of tools 
from machines can be due to wear-out, lack of immediate demand or lack of storage in tl1e 
cell. Tools returning from the machines may be simply stored as assemblies, may be 
restored by regrinding or adjustment of inserts, or may be disassembled into components. 
Tite geometric data of each tool-holder and tool insert are described by standard ISO codes 
(Shayan and Liu. I 995) which assist in designing an easy-to-use standardized database 
Figure 3 shows the parameters used to generate an ISO code for a turning tool-holder 
matching inserts for a CNC turning center. 
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Figure 3 An ISO code for CNC turning cen.t.er (Shayan and Liu. 1995). 

A data flow diagram shows data moving about the system and being stored in data stores. 
DFDs yield a set, of data items of interest and tl1eir logical relationships. Figure 4 
illustrates a data flow diagram for t11e tool receipts module. Every circle shows a process 
that may have a configuration of ot11er activities. 

The DFD diagramming teclmique is recognized as a good tool for logical database design 
by providing a natural and ·intuitive approach to model users' requirements, leading to 
system development. Tllis fonns the basis for furtl1er DFD analysis such as design of 
database files or tables and t11eir fields. Some of t11e highlights of t11e tool management 
system are: 

• Key fields in a table make tbat record unique in tbe entire table. For example, since 
serial number field is a key field in t11e Serial Tool table, different serial numbers 
will be required to be given to different tools. 

• Stock category is t11e keyword by which a tool is classified such as, Hob, Drill, Insert, 
Shave Cutter, Blade, etc. The capital and small letters are critical for tlte system to 
identify tbe tools correctly. Table I shows some of tool category keywords. 
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SerialThols 

Main Tool 
Database 

Tool Orders 

issues and 
inveruory 

stock nwnbeJ; YID 
receipts. balance quantity 

stock numbo~; reccipl date, 
receipt number, qty reed. 
delivery number, comments 
of order complete or error in 
quantities if applicable 

Figure 4 A· data flow diagram for tool receipts module, 

• The Main Tool database consists of a tool's unique record in the table. Certain 
repetitive type of information is asked once when it is encountered for the first time. 
That is, stock category, stock description, serial tool (y/n), and vendor name are 
tbree specific items that are asked only once. Stock category, stock description, and 
serial tOol are stored in Main Tool table. It also consists of important tool 
infonnation, such as balance quantity, quantity on order, minimum quantity, system 
comments, total order costs, and total issue costs. 

Table I Some examples of tool category 

TOOL CATEGORY 
Angular Milling Cutters 
Boring Bars 
Convex Cutters 
Comer Round Cu!ters 
Countersink Cutters 
Drills 
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EndmiUs 
Inclexable Inserts 
MilliDJ!: Cutters 

• The "System Comments" in tlte Main Tool table are given automatically by tlte 
system. The two types of conunents are: (a) "Order Now" when tile system detects 
tile sum of balance quantity and quantity on order to be less than or equal to tlte 
minimum quantity, and (b) "On Order" when tlte system detects tltat tile quantity on 
order is greater than 0. 

• Enter tool orders first and tlten tlteir receipts. A purchase order may have multiple 
receipts. The system keeps track of tlte quantity received and closes tile order 
automatically. 

• If a particular information asked by the system is not available, tlte user can skip t11e 
question and can later update the table or form when the infonnation becomes 
available. 

• Tool issue swnmary by mont11 is done in Tool Center table by t11e work center number 
and in Tool Category table by the tool category. Tool order summary by mont11 is 
done in Tool Purchase table by t11e tool category. Year-to-date and tile percentages 
are also calculated in these tables. 

Tool management should provide information for decision making and problem 
resolution for: 

• Manufacturing engineering: usage infonnation will provide comparisons for new tool 
trials, 
check tool availability during fixture design, scrapped tool problem awareness. 

• Industrial engineering: quickly locate tool numbers for process sheets, and utilize kits 
feature for process sheets. 

• Accounting: tool expenditure accountability; inventory value. 

• Purchasing: requisition review, vendor tracking, creation. 

• Production Planning: check tooling availability for production schedule or "what if 
forecasting. 

• Product engineering: reference in-house tool standards during design. 
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• Production supervisors: eliminate time looking for tools, see problem areas by tool 
usage by work center. 

• Tool-room: quick, easy tool ordering, no tool hunts, tool regrind or rework, know what 
work is in area by priority. 

4. IMPLEMENTATION 

Considering the properties of different database systems (network, hierarchical and 
relational) in terms of factors such as portability, ease of use, understanding and 
marketability, the choice was relational database (Eimasri, 1989). T11e choice of a PC
based database system was based on availability, size and reputation. 
After the database was implemented, user interfaces to the database were developed. In 
order to design a user-friendly interface, development of fonns-based applications for users 
to enter, query, update and print data is a desirable feature. Relational database 
management systems allow multiple views on U1e data. This property was exploited in 
generating different applications for a variety of potential users with U1e following 
requirements: 

• Tool designers access the tool database to ensure U1at designs do not create new 
tool 

• demands unnecessarily. 
• Process planners access the database to ensure that only the available tools are 

specified 
• for production 
• Manufacturing engineering access the database to know where tools are used and 

monitor high volume users to ensure using the tools for U1e correct application 
and in an appropriate manner. They should be able to track the tool real-time 
data, such as remaining tool life and tool wear data from the tool database. 
They should also be able to qualify different grades for pcrfonnance comparison, 
and costs can be more accurately assessed by 

• product or work center. 
• When tools are broken, the alternative tools should be identifiable in a very timely 

fashion. 
• Part programmers access the database to find out tl1e cutting parameters for 

specific tool inserts corresponding to specific work material. 
The user selects the appropriate option from t11e top level menu to initialize t11e relevant 
module. T11e user can tl1en query tl1e database by tlte subsequent dialogue. It offers 

extensive tool life auditing capabilities based on tool wear. The major benefits are tracking 
of standard and serialized tooling through the regrind, and possibly, tl1e inspection and 
coating areas, and 
for certain types of serialized tools, recording and calculating usage, wear, and remaining 
production capacity. 

Standard perishable tooling such as drills can be retumed from t11e shop floor directly into 
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regrind area. After the tools are reworked, they are transferred to tool-room stock. Reports 
sbow wbere tools are and what was reworked, bow many, by which employees, and over 
what time period. 

For serialized tooling such as bobs and punch sets, re-sbarpening is the only way to 
regain use of the tool after it has been dulled. The regrinding process removes valuable 
cutting metal until repeated regrinds result in a scrapped tool. Knowing the current 
production capacity of a tool in parts before it needs regrinding helps in detennining if 
more tools should be purchased without overbuying. Additionally, knowing the total 
production capacity in part quantity of all tools enables tlte production planner to schedule 
jobs. Information collected for serialized tooling is minimum, maximum, and current 
dimension, regrind date, parts produced, theoretical and actual grinds, itt order to form a 
life history of each tool. On-screen and printed reports provide valuable data on: 

• current condition and used/remaining capacity per tool; 

• complete tool wear histories 

• machine performance by part number and operation; 

• overall production capacity per tool group. 

5. CONCLUSION 

The requirements of a tool management system were identified through integration of tlte 
collected information. The meU1odology used to develop Ute system was IDEFO functional 
analysis tecbnique and DFD diagramming. The system was developed and implemente4 
according to tlte framework presented herein. By making such a tool database available in 
day-to-day operation, savings in tool costs have been considerable. It also provides ease of 
tool management in satisfying requests for tools required for production. Tbe tool database 
is a real and essential ingredient in tlte integration for Ute AMS environment. Tlte system 
developed provides a basis for further specific developments. 
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ABSTRACT 
To completely describe a manufacturing system, several models are usually created, each from a different 
viewpoint Traditionally, these models are created independently using different methodologies and in 
different environments. This approach poses many problems, for example, time-consuming, inconsistency 
between models. difficulties in model maintenance, difficulties in ensuring a seamless transition in the 
system development life cycle, etc .. To overcome t11ese problems, a comprehensive methodology tenned 
IDEF* has been developed for the modelling of enterprise systems. The purpose of this paper is to 
introduce to the readers the features and concepts of t11e met11odology. 

KEYWORDS 
Modeling methodology, manufacturing enterprise systems, CIMOSA, IDEF, IDEF*, IDEFO, lDEFlx, 
IDEFJ, IDEFO-based IDEF2. 

1. INTRODUCTION 

Models are descriptions of systems. To completely describe a manufacturing enterprise, several models arc 
usually created. each from a different viewpoint. According to CIMOSA reference arch.itectnre IAMICE 
93), models from fonr complementary viewpoints are required: function, infonuation, resource, and 
organisation. Traditionally, these models are built independently using different metl1odologies and in 
different environments. However, a metl1odology tailored to a particular viewpoint is incompatible witl1 
another. This traditional approach ti\Us poses t11e following problems: 

• The whole modelling process involves repeated capturing or the same infonnation and is time· 
consuming. 

• It is very difficult to identify tbe effect of any changes or one model on tl1e others. 
• Inconsistency between dte different but interrelated models. 
• Model maintenance is difficult. 
• Seamless trausition in the systems development life cycle is difficult. 
• It is difficult for system users and system developers to communicate and work together. 
• Similarly, it is difficult for several system developers who have different purposes and backgrounds, 

but who are working on d1e same system to communicate and work together. 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
C 1997IFIP. Published by Chapman & Hall 
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To overcome these problems, a comprehensive modelling methodology tenned IDEF* and an associated 
software tool are being developed in Gintic. The purpose of tllis paper is to explaiu to tlte readers tlte 
features and concepts of tllis metltodology. 

The methodology is termed IDEF• because it is basically an enhancement of tlte IDEF (ICAM 
DEFinition language) methodology, wluch was developed by the USAF ICAM programme in t11e SO's for 
CIM design and implementation. The IDEF methodology comprises IDEFO, IDEFI, IDEF2, and IDEFJ 
which are methodologies for functional, information, dynamic, and process modelling, respectively. 

2. THEIDEF*METHODOLOGY 

The main features of the IDEF• metltodology are: 

1) CIMOSA-oompliant; 
2) IDEFO-based; and 
3) Integrated. 

2.1 CIMOSA COMPLIANCE 

The IDEF• methodology confomiS to tlte CIMOSA modelling framework (AMICE 1993), which is a 
diagrammatic representation of tltree modelling views (Figure 1). 

+ 
z 

Y+ 

Desi n 
Spec: ric:ation 

lmpl mentation 

Desc ·ption 

3 .•• 1 

Cx.v.z 

Figure 1: CIMOSA Modelling Framework 

In one view, modelling is descnbed as consisting of generic, partial, and particular requirements 
definition phases. In anotlaer view, modelling has function, infonnation, resource, and organisation levels 
of analysis. Finally, in the tllird view, modelling is described as having requireme~ts definition, design 
specification, and implementation description stages of development. The combination of each of these 
three views results in 36 different modelling domains or cnbes C...,..s. giving rise to many possible "routes" 
for enterprise system development. However, not all modelling domains are necessal)'. Some cubes are 
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actually redundant 1be IDBP meti1odology supports the following route, which consists of four sections 
and is thought to be one of the "shortest" in tenns of development effort. 

I. Cz,l,l ... Cs,l,l ... C3,1,2 ... C3,1,3 
II. C.t,I,Z ... c.J,1,2 ... Cs,z,J 

111. Cs,1,z -t Cs,s,z -t CJ,J,J 

w. Cs.1.z -t Cs,4,z -t C3,4,3 

In IDEF• methodology, section 1 of ti1e development route involves: a) customising a partial function 
model into a particular function model at ti1e requirement definition stage; b) extending U1e particular 
function model at the design specification stage to enable visual and computer workflow analysis; and c) 
further extending the particular function model at the implementation description stage to enable 
computer workflow execution. Section II involves the derivation of a particular information model from 
the particular function model at the design specification stage, and the development of relational databases 
at the implementation description stage. Sections 111 & IV involve extending the particular function model 
to include resoun:e view and organisation view, respectively, at boU1 U1e design specification stage and U1e 
implementation description stage. 

l.l IDEFO-BASED 

IDEFO is chosen as the basis of IDEF• methodology. In producing a complete system description model, 
an IDEFO model is first built and oU1er details are U1en added progressively onto U1e IDEFO model so that: 

• Functional description of the system can be achieved at any level of abstraction; 
• Complete system description can be realised sequentially, and 
• Models consistency can be maintained by using the same functions among the different models 

Throughout the process, the IDEFO model is used as a basis for the collection of relevant details. This 
helps to ensure that models resulting from Ute process will be compatible with the IDEFO model, and that 
only function-related details are collected. This is in contrast wiUt the traditional approach as mentioned 
in the §1. To meet these requirements of IDEF•, IDEFO is extended syntactically and textually into 
IDEFO•. 

2.3 INTEGRATION 

It is integrated, meaning that it achieves four kinds of modelling integration simultaneously: 

• Integration of five modelling processes: function, dynamics, information, resource, and organisation; 
• Integration of three modelling stages: requirements definition, design specification, and 

implementation description; 
• Integration of tbree modelling levels: generic, partial, and particular; and 
• Integration of two modelling environments: computer-based enterprise engineering and enterprise 

operation. 

Tile first two kinds of integration are achieved through an integrated modelling approach in which the 
different modelling processes share conunon information on business processes (sec §.3, and §.4). The 
approach will help to reduce the time and effort needed to build the different models Utat are required for 
complete system description. It will also help to ensure consistency between these models, and will 
therefore allow system users and system developers to work together more easily than when using models 
that are built independently (Kim 1996). 

Tile third kind of integration involves the use of a knowledge-based system to semi-automate U1e 
generation of IDEFO models based on the concept of reference models (sec §.5). The knowledge-based 
approacb not only will greatly speed up tlte IDEFO modelling process, but will also eliminate tl1e problem 
ofinconsistency that is associated with the traditional approach (Ang et all997; Luo 1997). 

Finally, the last kind of integration involves extending the IDEFO model, inaking it computer
processable not only for workflow analysis but also for workflow execution. This kind of integration 
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enables real-time implemeutation of operational changes, hence providing a very flexible operation 
environment 

3. INTEGRATION OF MODELLING PROCESSES. 

This is achieved through an integrated modelling approach in which IDEFO is chosen as Ute basis of 
modelling. Thus an IDEFO model is first built and other details are then added progressively so that a 
complete system description can be realised sequentially. To fulfill these requirements, IDEFO is extended 
syntactically and textually into IDEFO* in order to accommodate process, dynamic, infonnation, resource, 
and organisation modelling. 

3.1 EXTENSION OF IDEFO TO INCLUDE PROCESS FLOW MODELLING 

To facilitate visual analysis of the IDEFO models for BPR (business process re-engineering), IDEFO is 
extended syntactically so that it can also be used to describe Ute temporal precedence relationships 
between the functional activities. In oUter words, IDEFO• not only can be used to describe what the 
processes do, but also how they work, i.e. the behaviour aspects. 

In IDEFO•, precedence relationships between functional activities are modelled wiU1 precedence 
links (denoted by bold arrows), which connect functional activities by means of AND (&), OR (0), and 
Exclllsi11e OR (XOR) junction boxes (see Table 1). Figure 2 shows an IDEFO diagram and its 
corresponding IDEFO* diagram showing the precedence relationships. 

All 

Control Flow 
Material Flow 

Al2 

IDEFO Diagram 

Al2 

IDEFO* Diagram 

Figure 2: IDEFO and IDEFO* diagrams. 

Al4 

Al4 



222 

As can be seen from Figure 2, the IDEFO* diagram is practically fonned by superimposing the 
IDEF3 (PFD) diagram onto the IDEFO diagram. In the IDEFO* diagram, additional prco;cdenc:c links 
(arrows marked ., ) an: added to make explicit the fact that some material flows in the IDEFO diagram an: 
also control flows. This filet is implicit in the IDEFO diagram. 

3.1 EXTENSION OF IDEFO TO INCLUDE DYNAMICS MODELLING 

To filcilitate performance analysis, dynrunics parameters an: incorporated into tbe IDEFO model. They an: 
incorporated as text files attached to the relevant functions or arrows of the IDEFO model and contained 
within the Text or Glossary of the model. Tins has the advantages of not complicating U1e IDEFO 
diagrams. Such performance-related parameters as arrival rate, quantity of each resource type, branchlng 
conditions or behaviour rules, etc. can be incorporated. The resulting IDEFO* model, which is basically 
an IDEfO..based IDEF2 model, can be simulated for workflow analysis [Shunk 1990, Popplewell et al 
1994]. 

3.3 DERIVATION OF IDEFlx MODELS FROM IDEFO MODELS 

IDEFO models describe the functions perfonned by business processes. A function transfonns its inputs 
into outputs under the supervision of its controls by using its mechanisms. Altbougb a function's inputs 
and outputs can be information or physical objects, they arc represented only at the level of graphical 
labels and no actual infonnation stn1ctures arc auacbed to those labels. An IDEF lx model on the other 
band graphically represents the infonnation content and structure related to a business process or an 
enterprise. However, it is possible to derive an IDEFlx model from an appropriate IDEFO model using the 
Glossary of the IDEFO model as U1e entity pool for IDEF1x [Le Clair 1982, Smart et al 1996). A 
procedure for the systematic derivation of IDEF1x models from IDEFO models has been developed by the 
author (Ang 1997). The procedure is adapted from tbe work of [Adam et al 1993). 

3.4 EXTE~SION OF IDEFO TO INCLUDE RESOURCE MODELLING 

The term resource is restricted to mechanisms in U1e sense of IDEFO, i.e. enterprise objects contributing 
to the realisation of the functionality of activities of business processes [Vernadat 1996). In IDEFO*, 
description templates, whicb an: subsets of tbose of tbe two CIMOSA resource modelling constructs: 
Capability Set and Resource (AMICE 1993), are used to deal with resource modelling (Figure 3). T11ey 
an: attached to the relevant mecbanism arrows as text files and contained witbin tbe Glossary of U1e 
IDEFO model. Again, they are input via pop-up boxes in the associated software tool being developed. 

CanWUttSet 
Desip Authority: 

Capabilitia 
Fuaclion Related: 
PcrfonnanGc nlaled: 
Objective related: 
~ 

Daip Aulhority: 

Capability Set: 

Class: 

Opcntion Set: 
Object View: 

[Name of penon with authority to deaign'mainlain this particular 
Capability Set). 

(Capability elemenLs) 
(Capability elemenLs) 
(Capability elements) 

(Name of person and department with autliOI"ity to design/maintain 
this particular instance] 
[Name of Capability Set dcfming the provided capabilities of this 
Resou""' instance] 
[Functional Entity or Resou""' Cell or Resource Set or Resource 
Component] 
(Functional operations valid for this Resource inslan<:e] 
(Name ofObje<t View instance dcfming tl>e characteristics (capacity, 
availability, location. etc.) of this Resou""' instance] 

Figure 3: Description templates for resource modeling. 

3.5 EXTENSION OF IDEFO TO INCLUDE ORGANISATION MODELLING 

In :n>EF*, IDEFO is also extended both syntactically and textnally to deal with organiSation modelling. 
Thus an IDEFO* diagram may have, in addition to t11e AND, OR, XOR junction boxes as mentioned in 
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§3.1, eight basic elements (see Figure 4) which are defined as follows. Here distinction is made between 
line authority (control) and Slafl' authority (authority), and between the person who owns the process and 
the person who executes the process [Born 1994). TI1e person who executes a process is a resource tenned 
Functional Entity in CIMOSA [AMICE 1995). 

• Process: A series of steps or actions which transfonn an object from an initial state (input) to a final 
state (output). · 

• Process owner The person or oU1er agent responsible for the execution of a process. 
• Organisation Cell (see below): The organisation cell to which the person is assigned. 
• Staff authority (authority): The description, specification or justification of a process. It is shown 

entering the process box at the top right 
• Line authority (control): The conditions for activating process. It is shown entering U1e process box at 

the top left. 
• Input: An object at the point of entry to a process. 
• Output: An object at the point of exit from a process. 
• Mccbanisms: The resoun:es used to execute the process. 

Input 

Une Authority 
(Conltol) 

Mechanisms 

Stall' Authority 
(Authority) 

Figure 4: IDEFO* process notation 

In addition, JDEFO• also uses two types of description templates for organisation modelling (Figure 5). 
They are attached to the relevant function boxes, again as text files, and contained within the Tex't of the 
IDEFO model. These description templates are subsets of those of U1e two CIMOSA organisation 
modelling constructs, namely Organisation Unit and Organisation Cell [AMICE 1993). 

arp.laCioR Ualt 
Daip Authority: 
l'!mr4iGp De!qip!iog 
l'undianlll!ality: 
Jab Uait Deocriplioa: 
Skill pnfile: 
Responsibilities: 
Aulborities: 
SlnJc:lural Dcoqip!ion 
Asoipcdto 
orpnizalion cell: 

Function Dcoqiplion 
Cell Desc:riplion: 
Opcrolional 
Aulborily/ 
Responsibility: 
Process 
Aulhoritiesl 
Responsibilities: 

[Name of penon and department with authority to design/maintain this particulot instance) 

[Name offi1111:tional entity associated to thiJ organization unit) 
rrextual description of the decision-making or problem solving job) 
[Ust of eapabilitieslokilll which ote needed to til Ifill the job) 
[Ust of responsibilities given to this organization unit) 
[Ust of authorities necessary to fill the job) 

[Name of organization cell to which the organization unit belongs) 

[Name of person and department with authority to design/maintain this particular 
instance) 

(Textual description of the purpose of the organization cell) 

(Organization unit responsible for the organization cell. Must be a person) 

[Ust of function view constructs on which this organi1.ation cell has 
responsibility and autl>Ority) 
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~'bililier. 

a
Aulhoritiell 
Rcopanoibilities: 

[Lilt of infonnation view constnacta on which this organization cell has raponsibility and 
authority] 

[List of raource view constnacta on which this organization cell has 
reaponsibility and authority) 
(One of: "l!nterprise", "Plant". "Sbop", ''Cell", "Workcenter", or "Equipment") 

Figure S: Description templates for organization modeling. 

At this stage. the IDEFO• model contains sufficient information for t11e constmction of an organisation 
chart (Figure 6). 

Kelvin Peter 

Stall' Authority 
Line Authority 

Figure 6: Organisation chart 

4. INTEGRATION OF MODELLING STAGES 

This section describes tlle integration of modelling stages of each of the four modelling processes. 

4.1 FUNCTIONAL MODELLING 

At the requirements definition stage, an IDEFO model is first built. It is then extended into an IDEFO* 
model at the design specification stage to include details like time, resource, and behaviour of each 
enterprise activity and functional operation (resources in terms of functional entities providing the 
functional operations are also specified in t11e resource view using t11e description templates mentioned in 
§3.2). At the implementation description stage, the same IDEFO* model is used and enriched. In 
particular, ports for data communications are defined for each activity to indicate t11e exact enuy points for 
receiving/sending !inputs and outputs. Also, if messages are exchanged among activities, a 
communication channel and the format of messages must also be described. Finally, t11e IDEFO* model is 
supplemented by network diagrams and block diagrams to facilitate data communications system planning 
and facility layout planning, respectively. 

4.2 INFORMATION MODELLING 

Database design is more than just building entities and connecting tl1em by relationships which only 
represent the static part of the information system. The dynamic part, i.e., tl1e way data and infonnation 
are going to be processed, must also be considered [Vemadat 1996). In IDEF*, tl1e st.atic part is modelled 
by two constructs: Conceptual Schetna and Extemal Schema; while tl1e dynamic part by anot11er two 
constructs: Integrity Rule and Database Transaction. The modelling framework is compliant with the 
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three-schema approach proposed by ANSI (American National Standards Institute) [ANSI 1976), which 
advocates for the use of a global conceptual schema implemented in tenus of an intemal schema and 
presented to the system users via external schema. 

In IDEF• methodology, IDEFlx models are derived from IDEFO* models. At the design 
specification stage. an ERA-based global conceptual schema is first produced (see §3.3 and Figures 4c & 
4d). From the conceptual schema, external schemata can then be derived. In addition, the integrity rules 
that constrain the possible values taken by attributes can also be specified. These rules are expressed in 
tenns of natural language of expressions. They can be derived from the declarative rules of business 
processes or they can be specified by users as separate detailed infonnation requirements. 

Once the conceptual schema and its external schemata have been produced, data and database 
transactions, i.e. data processing functional operations or queries on data, can be specified using IDEFO•. 
Like the W Process Description Model [Vernadat et al 1989], the IDEFO• model mentioned §3.2 is a 
formal model which can be used to specify data manipulation operations to be executed on data, either by 
application programs, or directly by users in the fonn of data transactions. 

Implementation description involves both logical database design and physical database design. In 
logical database design, the conceptual schema is mapped onto a relational schema using the conversion 
rules developed by [Eimasri et al 1993](see §3.3). The relational schema is then implemented as an 
internal schema in physical database design using the Structured Query Language (SQL). Physical 
database design also involves coding the integrity rules, data and database transactions of applications 
programs, and on-line queries using SQL for data manipulation and query. SQL is both the data 
description language, and the data tnanipulation and query language for well-known relational database 
systems like Oracle, 082, lngRS, and Infonnix. 

4.3 RESOURCE MODELLING 

For n:sourc:e modelling, the same IDEFO• model as for functional modelling (see §3.1) is used and 
extended to include two types of description templates, namely Capability Set and Resource (see §3.4). At 
the requirements definition stage, only the Capability Set template is used to express resource 
requirements .from the standpoint of enterprise activities (i.e. required capabilities). At the design 
specification stage and the implementation description stage, both the Capability Set and Resource 
templates are used and are respectively qualified as specified and implemented. 

The Capability Set in CIMOSA is an essential construct for supporting tlte principle of process and 
resource decoupling (see §6). Tite principle is based on the fact that activities, and therefore processes, 
require capabilities for their execution while resources provide capabilities to execute ftmctional 
operations of activities, if they are available and have the necessary capacity. 

4.4 ORGANISATION MODELLING 

For organisation modelling, Ute same IDEFO* model as for functional modelling (see§ 3.1) is again used 
and extended. As described in §3.5, it is extended to include additional graphical notations, and two types 
of description templates:, namely Organisation Units and Organisation Cells. The additional graphical 
notations together with the description templates are supposed to apply at tlte design specification 
modelling stage and at the implementation description modelling stage. This is especially true for 
designing or restructuring an organisation. However, Utey can be used at tbe requirements definition stage 
in the case of tbe modelling of an existing system. 

5. INTEGRATION OF MODELLING LEVELS 

Integration of the generic, partial, and particular modelling levels is achieved by means of a knowledge
based system for the automated generation of IDEFO models based on tbe concepts of reference models. 
Reference models represent structures and practices tltat are typical of a particular industry or a set of 
companies witllin that industry. They can be customised to partial models or company-specific models and 
hence can be shared and reuSed. It has been reported by Baines [1989), Weaver [1995), and Vemadat 
[1996) that the use of reference function models can facilitate and accelerate tlte functional modelling 
process. 

· An operational prototype of the knowledge-based system has been developed in Gintic (Ang et al 
1997, Luo 1977). The work involved: 1) tlte development of a structured metltodology for tlte automated 
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generation of IDEFO models and its associated knowledge base; and 2) their implementation in computer 
software. 

9. CONCLUSION 

In this paper, a comprehensive modelling methodology IDEF* for manufacturing enterprise systems 
development bas been proposed. The methodology, which is based on an integrated modelling approach, 
incorporates such robust modelling metbodologies as IDEFO, IDEFJ(PFD), and IDEF1x. It confonns to 

. the CIMOSA modelling framework, and simultaneously achieves four kinds of integration, namely 
integration of modelling processes, integration of modelling stages, integration of modelling levels, and 
integmtion of modelling environments. When supported by appropriate software tools, it is expected to 
drastically reduce the time and effort of enterprise systems development. 
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Abstract 
This paper has two main elements. Firstly, the research team based at the 
University of Plymouth have identified three 'sets' of processes: manage, operate 
and support and we have further sub-divided the operate processes into three: 
product development, order flow and after-sales service. Using a Soft Systems 
approach we have developed a root definition and a conceptual model for the order 
flow process. The paper will describe the conceptual model in detail, illustrated 
through the use of the iDEFO modeling technique. 
The second major element of the paper is an illustration of how we have used the 
process models in small companies. We will provide a case study with reflections 
on how the generic model may be applied to help small companies improve their 
business processes. 

1. BACKGROUND TO THE RESEARCH 

The basic idea of a hierarchy of processes is important when considering generic 
processes for an industry type and the core processes within a company. The 
hierarchy of processes provides the framework within which the analysis and 
redesign will take place. 

In the majority of documented BPR methodologies, including those developed by 
Coopers & Lybrand (Johansson et al 1993), IBM (Kane 1986), British Telecom 
(Harvey 1994), Xerox and Lucas (Parnaby 1993), one of the initial activities is to 
identify the core business processes. In identifying the core processes the 
participants in the BPR project are defining boundaries within their organization 
using a process perspective. Examples of core process definition by companies can 
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be found in Davenport (1993) and the Business Intelligence report (Harvey 1994) 

on BPR and many case studies in journal articles (Shapiro et al 1992, Davenport 
and Short 1990). The number of core processes within a company is very much 
dependent on the level of abstraction at which the organization decides the core 
process definition will be meaningful. 

2. BUSINESS PROCESSES 

The Business Processes concept is closely linked with Enterprise Integration (EI). 
EI is associated with the development of reference architectures. Unfortunately, 
much of this reference architecture work is at the abstract level. They are very 
high level frameworks which enable users to take a complete enterprise wide 
perspective on the organization. Their great strength is that they develop activity 
(function), infonoation and human/organizational views, all of which are capable 
of being integrated together. Their great weakness is that they are not equipped 
with models which users can quickly pick up and use. We would argue that what 
industry requires are tailorable models, building blocks on which they can quickly 
develop business process and integration models. It is these building block models 
that we have set out to develop. Real benefits are expected with the integration of 
examples such as ours within the all embracing reference architectures. 

Given our interest in developing re-usable business process models and their 
subsequent integration within EI reference architectures, we set out to ensure some 
compatibility of our UK government sponsored research with the international 
developments in reference architectures. 

This research project has used the CIM-OSA (AMICE ESPRIT, 1989) framework 
to identify three types of processes within an organization. CIM-OSA was used 
because it is the major European initiative in reference architectures. As Vernadat 
(1996) reports, has been developed from a number of European wide ESPRIT 
projects over the last ten years and has a wide range of academic and industrial 
project partners. In addition other Enterprise Integration architectures e.g. CEN 
ENV (1990) and ARIS (Scheer 1992) are based on CIM-OSA. Internationally, 
GERAM (Williams 1995) uses CIM-OSA as one of its core elements along with 
PERA (Williams 1994). CIM-OSA identifies three types of processes Operate 
processes that add value. Support processes that enable the value adding processes 
to function e.g. personnel and finance processes. Manage processes, which are the 
processes that develop a set of business objectives, a business strategy and manage 
the overall behavior of the organization. 
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We set out to identify a set of business process models for the operate processes. 

2.1 The "Operate" processes 

The "Operate". processes are those processes which directly produce value for 
customers, the core operational processes identified by Champy (1995) and Meyer 
(1993) for a business are "product development", "customer service" and "order 
:fuJfillment". The "product development" process transforms the actual or perceived 
requirements of a customer into a design that can be manufactured. The "customer 
service" process transforms knowledge of customer requirements and the market 
into customer orders. The "order fulfilment" process takes the order, manufactures 
and delivers the product to the customer. 

The product development process adds value for the end customer by using 
knowledge to design a product to the customer's requirements. The customer 
service process adds value by translating customer requirements of a product into 
the value to be added by the other two operate processes. The order fulfillment 
process adds value by manufacturing and delivering a product to a customer. 

The authors recognize that although the "operate" processes can be identified as 
individual processes it is the interaction of all three that results in the overall value 
added and hence the fulfillment of customer needs. However, it is not the purpose 
of this paper to describe these interactions. These are described more fully in a 
paper currently under preparation and available in draft form from the autltors, see 
Smart et al (1997). This paper will focus on describing in detail one of the 
processes - tile order fulfillment process. The generic model of tile "order 
fulfillment" process has been developed using IDEFO (CAM-I 1980). 

2.2 The development and validation of the generic "order 
fulfillment" process model 

Smart (1995 in a wide ranging survey of Process Analysis Tools identified three 
key issues that a process analysis method must support 

1. The development of consensus regarding Weltanschauungs and objectives. 
Techniques must provide an easy to use/common language for communication 
and debate. The success of the technique depends upon the simplicity of the 
syntax and semantics employed by tile technique. Consensus needs to be 
established regarding system boundaty and purpose In addition, a coherent set 
of modeling rules are required to facilitate the modeling process itself: 
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2. The description of a process in terms of systems parameters. That is inputs, 
transformation, outputs, receivers and feedback. 

3. The identification of a systems hierarchy. The idea of hierarchy is based on a 
systems concept in which systems are composed of sub-systems (and processes 
of sub-processes). Harrington (1992) has proposed a hierarchy of 
macroprocesses, sub-processes, activities and tasks each of which represents 
further hierarchical detailing of the process. Techniques must facilitate the 
identification of sub-processes, activities and tasks within the whole process. 
This is so that each element of the system is seen in its proper context. Abilities 
to represent hierarchical decomposition and ensure that the context for a part of 
a model under detailed analysis is always known is advantageous when using a 
generic model. A company can focus on a part of the generic model it is 
particularly interested in and develop a further levels of detail without losing an 
understanding of the whole process. 

Given these requirements we concluded that IDEFO was the most appropriate 
modeling method to support activity based business process analysis. We 
recognize that IDEFO is unsuitable for both dynamic modeling and information 
modeling. However, for identifying and providing a basis for improving the 
activities in a business process model (i.e., the three requirements set out above) 
we contend that IDEFO is the most suitable method. For a further discussion on this 
issue, see the PAT report 

Generic activities 
The information used to develop the generic process model has been extracted and 
assimilated from a number of sources. The activities that are carried out within the 
"order fulfillment" process were adapted from a generic task model developed by 
Childe (1991). Childe's task model was based on the proposition that there are a 
key set of tasks or activities which are consistent throughout manufacturing 
companies (all manufacturing companies order materials, take orders from 
customers etc.). 

Generic flows 
The types of flows that are modeled in the generic process model can initially be 
divided into physical and information flows i.e. flows of physical materials which 
are ttansformed by value adding activities and information flows where the value 
is in the information and not the medium of transmission e.g. a paper proforma or 
an electronic signal. The information flows can be further divided into seven 
categories of information described by Jorysz and Vernadat (1990). These seven 
categories of information are 



Using JDEFO to develop generic business process models 231 

1) Product information describes what to produce e.g. Drawings, part lists 
2) Process Information describes how the product should be produced e.g. process 
plans 
3) Production Information describes the quantities to be produced and shop floor 
progress 
4) Planning Information describes the schedules, inventories and plans 
5) Resource Information describes the facilities that produce the products 
6) Administrative information describes management information e.g. customer 
orders 
7) Organization information describes responsibilities 

The generic process model includes generic flows between activities representing 
the first six types of information. The seventh type of information about the 
organimtion and responsibilities is company specific. Although IDEFO provides 
the facility to identify responsibilities by the addition of mechanism arrows on the 
bottom of activity boxes, the generic process model does not have auy because of 
their company specific nature. 

Generic flows were identified from IDEFO models of manufacturing companies 
that had been produced by the authors in the course of their research work. 
Information was also distilled from other models produced in a number of different 
modeling techniques presented in literature. 

2.3 The generic "order fulfillment" model 

The generic "order fulfillment" model that has been developed currently includes 
over 110 activities integrated by the flows of physical and information entities. It is 
a model which has been validated with all industry types - although we recognize 
that the importance of certain activities in the model will differ depending on 
various organizational characteristics. A description and illustration of these 
characteristics is provided in Weaver (1995). The model below is a representation 
of the second highest level of abstraction of tlte "order fulfillment" process. The 
model extends to 5 lower levels of activities and flows. The complete model also 
includes a glossary of terms. 
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The event that triggers the commencement of activities within the order fulfillment 
process is arrival of an order for a product or an enquiry requesting feedback on the 
feasibility of fulfilling a possible order to a customer's requirements both events 
come from the "Get Order" process. The event that represents a full cycle of the 
process results in either an enquiry feasibility report sent to the "Get Order" 
process or an order delivered to a customer. 

3. CASE STUDY 

The objective of this phase of the validation approach was to find out if the model 
could be used by a company as a useful framework to help identify and understand 
their business processes. The idea of the model and its use as a framework was 
introduced to a local manufacturing company that was at the point of initiating a 
project to improve the management of what could be described as its order 
fulfillment process. The IT manager agreed to use the model as a starting point to 
develop a model of the company's existing order fulfillment process. 

Background of the company 
The company manufactures printed circuit boards (PCBs) under contract for a 
variety of customers. The quantity and complexity of individual PCBs per order 



Using IDEFO to develop generic business process models 233 

varies considerably. The company has expanded rapidly over the past 5 years and 
was seeking to improve the management of orders throughout the business. 

Use of the model as a framework 
The IT manager was the main point of contact within the company. He acted as 
facilitator to a team using the model. The model and its use as a framework were 
introduced to the IT manager during a single meeting that lasted approximately 2 
hours. A set of guidelines for the use of the model was not available at that time so 
a brief outline of the context, viewpoint, structure of the model and proposed 
approach to its use was given verbally. 

The model was used by the IT manager as a template. Key personnel were 
interviewed and during the interview the IT manager described the activities that 
the model represented and tlteir context in the overall process. The IT manager 
focused on those activities which were similar in nature and content to tltose actual 
activities undertaken by the individual. This part of the interview could be 
described as a "walk througlt" of the process. 

4. FEEDBACK ON THE USE OF THE MODEL IN THE COMPANY 

Issues that were raised during tlte meetings while "walking through" tlte model and 
altering it to represent the existing "order fulfillment" process included: 

Allocation of responsibility - When adding mechanisms to indicate who carried out 
activities, it was necessary to clarify who was responsible for doing them. This 
initiated discussions about who was and should be responsible for activities and 
supplying information. 

'Taken for granted - "Walking tlrrough" tlte model, interviewees were provoked 
into thinking about some of tlte activities that they did but had never really 
considered properly before. For example, "Produce simulation for decision 
making" (A3132] was initially dis~ssed, however on reflection tlte interviewees 
realized that they did simulate "what if" scenarios although the activity was not 
formally documented. Tllis realization provoked ideas on how some of the 
knowledge could be captured in tlte future. 

Ideas for Improvements - Discussing the activities represented by the model 
resulted in the identification of activities tltat tlte company did not currently carry 
out but should be done. For example, no one in the company had the responsibility 
for performing the activity "confirm order to customer" under circumstances where 
there were no queries relating to order. The procedure for confirming to a customer 
tltat the company was accepting tlte customer's order was later reviewed. 
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5. DISCUSSION 

As a result of this and other case studies applying the model the research team have 
identified a number of advantages of using a generic model. 

1. It reduces the chance of the team reverting to a traditional functional view. As a 
result of the prevailing functional organizational mindset, process modeling teams 
can resort back to modeling departments e.g. Design or Manufacturing and to shy 
away from modeling the integrating elements. The scope of the model ensures that 
they focus on the whole process. 
2. Reduces amount of modeling activity required. Process modeling can be a very 
time consuming task. Before we developed the generic model, the team have been 
involved in ''fulfill order" process modeling, that has taken 12- 18 man months of 
activity. Working from the generic model we estimate that this is reduced by 75%. 
3. Provides greater momentum than starting from a "blank sheet of paper". Starting 
from scmtch is a daunting experience. In some cases it has been a major task to 
move modeling teams from project management to process modeling. The 
advantage of the generic model is that teams begin with a model and only have to 
work onwards to modify activities and linkages. 
4. The standard models are not influenced by any political issues in the company. 
Models that are developed "in-house" can be influenced by senior management, 
who either want to throw a complimentary perspective on their own activities or 
develop models that appear to point the blame at other departments. The generics 
are free from this bias. 
S. Team should feel able to criticize the standard models. Modellers can quickly 
feel proprietorial about their models. TI1ey may resist all attempts to change them. 
The generics are used on the basis of "no pride of ownership" and company 
members are encouraged to criticize and modify the models. 
6. The activity of comparison encourages communication and understanding 
through debate. By comparing what we do with the model, it encourages 
companies to think through why they carry out activities in that way. Often, in our 
experience, a discussion ensues which exposes many of the underlying reasons 
behind why processes work in specific ways. It can be that the reasons that caused 
a process to be changed have changed themselves and particular aspects of the 
process no longer need to be carried out in that way. 

6. CONCLUSION 

The objective of this paper was to describe the development of a framework that 
would help manufacturing organizations identify and understand their business 
processes. 

A high level business process architecture has been developed from a study of 
various business process architectures defined by specific manufacturing 
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organizations and general models suggested in the BPR literature. The high level 
business process architectw'e groups the business processes within an organization 
under three headings. A set of standard business processes has been identified and 
defined under the "Operate" heading. 

To define the four processes in more detail a model of processes has been 
developed. The purpose of the model was to represent the activities and flows that 
when integrated form the four "Operate" processes in a typical manufacturing 
organization. The model is not meant to be prescriptive and is not intended to show 
how a business should operate. 

The model has been validated by a number of practitioners. They found that it 
represented a view of standard "Operate" processes within a typical manufacturing 
company. It was then used in a manufacturing company as a framework to help the 
company identify and understand its business processes. A case study of the 
company and its findings from using the model has been provided. The framework 
proved useful to the company in developing a model of their existing order 
fulfillment process. 

The framework consisting of the high level business process architecture and 
model are currently at a stage of completeness where they can be used within 
manufacturing organizations. They will benefit from further development to 
incorporate new information and views gained from subsequent applications. 
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Abstract 
This paper introduces a method that facilitates the effective implementation of 
capable business processes. The capability of a business process is defined to be its 
ability to satisfy customers' expectations by using available resources as efficiently 
as possible and to be adaptive to changes in external and internal requirements. In 
the paper it is discussed "how companies could be helped to develop and 
implement capable business processes". 

The proposed process assessment metltod combines hard system analysis 
teclmiques with participation of employees. It facilitates skills for productive 
communication, examines system structure, analyses system interrelationships and 
allows employees to participate in process redesign and implementation. The 
method has been developed during tlte EUREKA TIME GUIDE project (EU 
11579). In Finland the project included eight pilot companies where the method 
has been tested. 

Keywords 
Business process assessment. Process modeling, Business process re-engineering, 
Organizational development 
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1 INTRODUCTION 

Enterprises have become more and more aware of business processes. Business 
process performance is recognized to be the basis for the overall capability of the 
company. Clear evidence of this is the massive publicity business process re
engineering (BPR) bas received in the 90's. The discussion about the BPR has been 
voluminous in journals and books (Davenport, 1995). One of the big issues in the 
BPR discussions has been how the company should develop its processes. There 
has been a distinction between incremental improvements advocated by the TQM 
school (Hanington 1991,0akland 1993) and radical process redesigning advocated 
by BPR school (Hammer and Champy 1993, Davenport 1993). However, the 
reality is not so black and white as Stoddard and Jarvenpaa (1995) have proved in 
their case studies. They argue that both radical and incremental approaches are 
needed in different phases of business process development and process change 
management 

In this paper process development is seen as a system of nested development 
cycles. There is a cycle that continuously monitors how outputs of the processes fit 
the external requirements and adjust themselves to the changes, if tbey are able to. 
The main concern of this cycle is "do the processes deliver outputs that are needed 
at the IIUIIket place at right time and the right price"? If not, processes should be 
redesigned, which typically involves heavy investments and high risks. The second 
cycle concerns "how efficiently resources are used in the process". The cycle is 
continuously seeking opportunities to improve process efficiency by eliminating 
non-value adding activities, implementing streamlined process structures, 
empowering employees and setting measures to monitor change. These activities 
have lower risks and do not require major investments. However, if the second 
cycle is well managed it could add up to considerable improvements, which could 
lead to a new competitive edge in the market place. The process assessment 
method introduced in this paper is developed to support nested process 
development cycles. 

2 PROCESS CHANGE MANAGEMENT 

According to Kettinger and Grover (1995) process change management is a 
strntegy-driven organizational initiative to improve and redesign business 
processes to achieve competitive advantage in performance through changes in the 
relationships between management, information. technology, organizational 
structure and people. 

A business process in this paper is defined to be: "a structured, measured set of 
activities and flows that use necessary resources of the organization to provide 
specified output for a particular customer. " 
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2.1 Concept of process management 

One of the main drivers for moving from a functional view to a team based process 
management is a necessity to bring planning and thinking back together with 
implementing and doing. To maximize the level of improvement in ownership for 
making things to happen, the thinking and doing are brought as close as possible to 
the customers and the people making, serving or supporting the organization's 
products and/or services (Turner, 1995). In addition, Rummier and Brache (1990) 
claim that the greatest opportunities for performance improvement often lie in the 
functional interfaces. These critical interfaces are visible only in the horizontal 
process view of an organization. 

Harrington (1991) gives nine characteristics for a well defined and a well-managed 
process: 

• it has someone who is held accountable for the process; 
• the boundaries of the process are defined; 
• its interfaces and responsibilities are clearly defined; 
• it is documented; 
• it has measurement and feedback controls; 
• it has customer related measurements and targets; 
• its cycle time is known; 
• it has formalized change procedures; 
• opportunities for improvements are continuously sought 

Following the list of Harrington (1991), seven contentions for process management 
are given: 

1. There should be designated process owner who is responsible and 
accountable for managing and improving the process. 

2. Team work is an important part of the process management and teams are 
the vehicles to bring together needed resources and skills. 

3. The abstract concept of business process should be made tangible by using 
several modeling teclmiques. Models are used to visualize the structure and 
behavior of a business process. 

4. Customer needs and requirements must be understood throughout the 
business process. 

5. Performance measures, which are aligned with the process objectives, are 
important tools to drive process thinking and process improvement. 

6. Process based organizations should commit themselves to continuous 
learning and capability development. 

7. There must be harmony between vertical and horizontal dimensions of an 
organization and they must support each other. 
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2.2 Challenaes in process change manaaement 

The shift from the functional to the process based organization is always a difficult 
task not only because it redistributes resources and power, but also because it 
brings into question employees' most basic assumptions about the nature of the 
organization. 

Seven empirical studies (Bashein et al. 1994, Hallet al. 1994, Zairi and Sinclair 
1995, Grover et al. 1995, Guimare and Bond 1996, Majchrzak and Wang 1996, 
Childe et al. 1996) have been analyzed by the author in order to identify the main 
challenges and problems faced during the shift from the functional to the process 
based organizations. The Burke-Litwin (Burke and Litwin, 1992) model has been 
used as a framework for the analysis. The model defines twelve variables that need 
to be considered in the change programs. See Figure 1. 

Figure 1 Burke-Litwin model (Burke and Litwin, 1992) 

According to the analysis three most difficult areas in process change management 
are related to: 
1. Structure that is the arrangement of functions and people into specific areas and 

levels of responsibility, decision-making authority, communication, and 
relationship to assure effective implementation of the organizations mission 
and strategy. The issues related to this variable according to the studies were 
such as: 

• Project had a wrong sponsor; 
• The importance of communication was underestimated; 
• Re-engineering team was made-up narrowly; 
• Failure to anticipate and plan for the organizational resistance to change; 
• Jobs were not structured with overlapping responsibilities and rotation. 
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2. Systems that are standardized polices and mechanisms that are designed to 
facilitate work. They are typically embedded in an organization's reward 
system, management and infonnation system, quality system and in such 
control systems as performance appraisal, goal and budget development and 
hwnan resource allocation. The issues related to this variable according to the 
studies were such as: 

• Needed investments were hard to justify; 
• BPR was too disruptive to business operations; 
• Rewards were not based on the group performance; 
• Lack of tools and skills to promote collaboration horizontally and 

vertically; 
• Performance measures were not aligned according to the processes. 

3. Leadership that is executive behavior providing overall direction and serving as 
role models for all employees about practices and values in the organization. It 
also encourages others to take needed action to accomplish the strategy. The 
issues related to this variable according to the studies were such as: 

• Failure to build support from line managers; 
• Project was run and done by an external "swat" team; 
• Lack of a strong director who was willing to make clear demands: 
• Senior executives were not fully committed for the BPR project; 
• BPR project was subjected to a stand-alone examination. 

The review to the empirical studies denoted some requirements that should be 
taken account in the process assessment method development. Co-operation should 
be facilitated. Need for change should be understood among employees. Tite 
method should enhance reciprocal communication vertically and horizontally. In 
addition, the method should catalyze thinking on how the measurement system 
could be aligned according to the change objectives. 

3 CAPABLE BUSINESS PROCESS DEVELOPMENT 

A business process was previously defined to be "a structured, measured set of 
activities and flows that use necessary resources of the organization to provide 
specified output for a particular customer". Following this, business process 
capability is defined to be: "the ability of a process to satisfy customers 
expectations by using resources as efficiently as possible. In addition, a capable 
process is adaptive to changes in external and internal requirements." 

In this paper the development of a capable business process relies on the 
taxonomy of systems thinking, organizational learning and proper interventions. 
This taxonomy is derived from the definition above and the ideas of Checkland 
(1981), Argyris (1992) and Garvin (1993). 

A b~iness process is a combination of technical and social systems with a 
multiplicity of objectives. In addition, it is in constant change. Checkland ( 1981) 
argues that systems thinking is an approach to study and understand such complex 
dynamic systems. Adaptation i.e. adjustment to environmental conditions needs 
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constant reflection of environment and reflection of results of one's actions. This is 
a basic principle of the organizational learning loop of Argyris (1992). Garvin 
(1993) has stated that without the implementation of changes only the potential for 
improvement exists. To enter into an ongoing system in order to help it in change 
implementation or process adaptation some knowledge of interventions is needed. 

Understanding the business process as a dynamic system 
According to Senge et al. (1994) a new understanding of the process of change 
emerges not top-down or bottom-up, but participative at all levels - aligned 
through common understanding of a system. Senge (1990) adds that systems 
thinking aims at seeing interrelationships and continuums. It separates detail 
complexity from dynamic complexity. The detail complexity arises when there are 
many variables. The dynamic complexity arises when cause and effect are distant 
in time and space, and when the consequences of interventions over time are 
hidden and not obvious. 

Systems thinking attempts to focus on areas of high leverage. Tackling a difficult 
problem is often a matter of seeing where the high leverage lies and where a 
change - with a minimum of effort - would lead to lasting and significant 
improvements (Senge.1990). 

Systems, hence business processes are dynamic when events occur that change 
their properties (Smith, 1982). Coyle (1977) argue that the dynamics of a system 
arise from three sources: 

• Shocks imposed by the environment on the business process and/or on 
the markets i.e. customers and competitors; 

• Operating polices within the business process; 
• Policies and reactions within the markets. 

According to Forrester (1975) three basic types of information are needed for 
studying dynamic systems: structure, delays in decisions and actions, and policies 
on managing material flows. 

Business process as a learning system 
In the absence of teaming, processes simply repeat old practices. Change remains 
cosmetic, and improvements are either incidental or short-lived. Without 
implementation of changes in the ways of working only the potential for 
improvement exists (Garvin, 1993). Capable business processes require a 
commitment to learning. 

According to Garvin ( 1993) organizational learning can usually be traced 
through the three overlapping stages. The first step is cognitive. Members of 
organization are discovering new ideas, expanding their knowledge and beginning 
to think differently. The second step is behavioral. Employees begin to internalize 
new insights and alter their behavior. The third step is performance improvement. 
Changes in behavior lead to measurable improvements in results: improved 
quality, shorter lead times or increased customer satisfaction, etc. 
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Process interventions 
Different interventions have different dynamics. Interventions do different things 
because they are based on different causal mechanisms. Selection of an 
intervention type is dependent on the objectives and the target group of the 
intervention (French and Bell, 1995). However, the basic requirements and the 
primaJy tasks for any intervention activities regardless· of the substantive issues 
involved are (Argyris, 1970): 

• Genemtion of valid information that describes the factors and their 
interrelationships, that create problems for the client system (object of 
an intervention). 

• To help the client system make free but informed and responsible 
choices. The client should remain responsible for their destiny and 
maintain their autonomy. 

• To build client's internal commitment to the choices. 

Intervention should help the client to create ownership and a feeling of 
responsibility about the selected choice and its implications. In addition, the client 
system should come to the point where it begins to change its behavior according 
to choice (Argyris, 1970). 

4 A METIIOD FOR BUSINESS PROCESS ASSESSMENT 

The process assessment method (PAM) introduced in this paper combines 
qualilative and quantilative modeling methods. Qualilative models are gmphical 
presentations of a business process. Quantilative models represent mathematical or 
logical relationships which are believed govern the behavior of the business 
process. 

The objective of the PAM is to help companies to improve their understanding of 
business processes. One of the best ways to learn about organizational reality is to 
model current processes and through this examines an organization's operation and 
behavior patterns. An understanding of the company's current set of beliefs and 
values, and tbe unwritten but underlying business assumptions that are driving 
operations, is a prerequisite for the process development. Change is not possible 
without uncovering these assumptions (Laakso et al. 1996). 

The process assessment method is a cyclical process and it is conducted by 
participative cross-functional and cross-hierarchical teams to ensure a broad 
knowledge sharing about the studied process. See Figure 2. The method consists of 
seveml individual interventions. 
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Figure 2 The process assessment method (Laakso, 1997). 

French and Bell (1995) have given six guidelines for managing multiple 
interventions. These guidelines are taken account in the development of PAM. 
They argue that several interventions should be managed in a way which: 

1. maximizes diagnostic data by beginning with the intervention that 
provides data needed to make subsequent interventions; 

2. maximizes effectiveness by sequencing the interventions so that early 
interventions enhance the effectiveness of subsequent interventions; 

3. maximizes efficiency by sequencing the interventions to save resources 
such as time, people, material and money; 

4. maximizes speed by sequencing the interventions in way that objectives of 
the project are attained in time; 

5. maximizes relevance by beginning with intervention that tries to tackle the 
most immediate problem according to the management; 

6. minimizes psychological and organizational strain. 

As a result of the process assessment, a company should have a clear picture of 
what is happening in the business process. This consciousness is needed in process 
development where actions are taken and implemented based on the process 
understanding. Without implementation no changes will be realized. However, the 
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aim of the PAM is to gain process understanding and to locate high leverage 
improvement areas tbat are needed in development of capable business processes. 
The scope of the PAM is not in the implementation phase. Yet, it provides useful 
tools for the implementation process. 

5 CONCLUSIONS 

The process assessment method is a tool for evaluating process structure and its 
performance, which is needed in process development and management. 
Clarification of a structure is achieved by creating qualitative process models that 
are graphical presentations of the process. Process performance and behavior are 
evaluated through qualitative process analysis. 

The PAM offers an overall view of the business process - its flows (inputs and 
outputs), transformation, performance level, goals and the structure of an 
organization tbat performs the process. After the process assessment, the 
organization should have a clear picture what is happening in the business process. 
This consciousness is prerequisite for sensible process development and 
management. The actual process development work begins with the selection of 
the improvement areas that have the highest leverage. The PAM is a tool to 
identify these areas. 
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Abstract 
Engineering processes have been studied to understand better knowledge work 
processes, the scheduling of work, and the effects of certain engineering practices. 
In this study the concept of using infonnation transfers as a measure of the 
performance of knowledge work processes was developed. 

Most engineering projects are oriented towards producing deliverables. Work is 
organized by dividing projects into arbitrary work packages for assembly into 
some type of product. However, the focus on a small nmnber of widely spaced 
deliverables makes it very difficult to measure project progress and work process 
performance due to the lack of suitable performance indicators. 

The tracking of the transfer of infonnation used to complete work provides an 
excellent measure of both project and process performance. Since engineering 
(knowledge work) is infonnation intensive, the movement of infonnation from one 
worker to another provides an excellent measure of task completion. An 
engineering design project was studied; the tracking of key information transfers 
showed project progress and provided insight into performance. The metric also 
aided analysis of resource loading and project timeliness. While only studied for 
engineering processes, infonnation transfers should be a useful metric to track 
progress and to predict task completion in any information intensive process. 

Keywords 
Process management, metrics, engineering processes 

1 INTRODUCTION 

In order to maintain a competitive position in today's rapidly changing market 
environment, organizations are forced to deliver products and services in shorter 
and shorter time frames. This implies a greater emphasis on improving processes, 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
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Information transfers as a metric for engineering processes 249 

and therefore, better measurement of the processes involved. For manufacturing 
and engineering based companies, the focus for improvement is placed on 
engineering or knowledge work processes. For example, for new product 
introduction, engineered-to-order products and production planning, these 
knowledge intensive processes encompass most of the work involved and of the 
time to delivery. The processes need to be actively managed, which includes 
fonnalizing processes. scheduling activities, and defining metrics to improve 
knowledge worker productivity, and thus, overall process performance. 

Measuring the perfonnance of such processes is fundamental for controlling, and 
consequently, reducing the time-to-market. a crucial factor for a customer when an 
order is being considered. For large engineered-to-order projects, for example, a 
shorter delivery time becomes a competitive advantage and is often the key 
differentiating factor for securing a potential contract. Achieving the promised 
time-to-market is what gives the client confidence and satisfaction. There are 
several approaches currently used to ensure that the schedule developed to meet 
the desired delivery time is indeed met. These are predominantly project 
management methods which are focused on the control of resources. 

In this paper a metrics approach is presented which allows the better 
management of knowledge work processes tlrrough the measurement of 
information transfers. This is a process management technique which provides an 
improved capability to control t11e use of time. This paper considers: first. the 
current practices used for managing the perfonnance of an engineering project 
through deliverables and decision points; then, the concept of information transfers 
and the advantages that they provide in controlling completion time; and finally, a 
case study of General Electric Hydro which provides an example of the use of 
information transfers in a large, complex engineering project. 

2 PHASE REVIEW AND STAGE-GATE PROCESSES 

The phase review process was developed in t11e 1960's by the US military 
(Cooper, 1994). It is applicable to very large engineering projects, such as t11e 
procurement of military hardware and t11e construction of hydroelectric power 
dams. This approach provides the necessary means to a contractor to manage a 
project at all times. Projects get divided into phases according to work content. At 
the end of each phase t11ere is a milestone, a very fonnal and usually lengthy 
review point, which is scheduled at tl1e planning stage. Milestones lie far apart in 
time, and may be major, reflecting significant sections of work, or minor, set at 
intermediate points within a phase. They comprise a set of deliverables that 
contain or describe the work previously performed. These deliverables are 
carefully reviewed and approved in formal events, often by teams of cross
functional experts, only then, can work or funding resume. 

A similar approach, the stage-gate process, was developed by industry later in 
the 1960's for new product development (Cooper, 1994). These engineering 
projects are characterized by a series of steps, starting from winning a bid tlrrough 
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preparing product or service specifications and negotiating their approval with tlte 
customer, to the manufacture of tlle product or tlle handing over of tlle service. 
Like the phase review metllod, projects get divided into discrete stages, and a road
map for task completion is created from tlle beginning to tlle end of tlle project. 
Each stage is followed by a gate, which is a go/no-go type of decision point. 
Therefore, work at a later stage can proceed only if tlle work at all prerequisite 
ones bas been approved at tlleir respective gates. In case of non-approval, tlle 
project gets canceled. 

Milestones permit an appropriate management of resources by controlling their 
use (cost). Timely completion of projects, while desirable, tends not to be tlle 
main purpose of project management by milestone. In practice, tlle use of 
milestone procedures often leads to poor performance through work discontinuity 
and significant time-to-market delay. Introducing stages and decision gates creates 
a rather linear, time conswning approach to managing a project. Indeed, each gate 
becomes a stopping point, where tlte next stage has to wait for tlle previous one to 
be completed and a subsequent decision taken in order to proceed. Furtltennore, 
as teams rush to meet defined deadlines, serious resource fluctuations are 
observed, which can be attributed to poor forecasting of the work required or 
unanticipated changes. Also, during review periods resource demand drops to 
minimal levels, only to increase suddenly once more, when an approval is 
obtained. When deliverables do not get approved, the amount of rework increases 
dramatically, usually to comply witll changing requirements. As resources get 
absorbed to resolve rework related issues, further progress is halted Wltil all tlle 
work gets approved. The resulting delay is usually furtller compoWlded, since 
rework often occurs in multiple loops before a satisfactory solution is reached. 
Therefore, the use of milestones actually becomes a factor of disruption in a 
project or a process; these disruptions need to be minimized in order to ensure a 
stable resource utilization (Bhuiyan and Thomson, 1996). New process methods 
have been developed to overcome tlle shortcomings of phase review and stage-gate 
processes (Bhuiyan and Thomson, 1996; Cooper, 1994). This paper will not focus 
on these new methods, but on a new metric which will permit knowledge work 
processes to be measured better, and tllus, allow the new process metllods to 
succeed. 

3 INFORMATION TRANSFERS 

An information transfer is a hand-over of knowledge from one individual or group 
of individuals to another during a process or a project. This communication of 
information can be informal, over tlle phone or through electronic mail, as well as 
fonnal, when entire pieces of requisite work are transferred to allow the 
continuation of a process. The latter forms tlle basis for tlle use of information 
transfers, as the transfers tend to be more substantial and critical to tlle progress of 
a knowledge work process. 

An information transfer indicates tlle completion of a piece of work. 
Furthermore, it shows the timeliness at any stage in tlle process, since tlle moment 



lnfo17111Jtion transfers as a metric for engineering processes 251 

that a transfer is made can be compared to an original plan or schedule. It also 
denotes the instant when subsequent work dependent upon the information can 
commence. Hence, at an aggregate level, a group of information transfers 
measures the degree of completeness of an entire body of work. Therefore, a view 
of the requisite wodc completed at any point in the project is obtained, thus, 
demonstrating project progress and timeliness. 

Knowledge intensive, engineering processes, such as new product introduction 
and engineered-to-order, are characterized by information intensive work, multiple 
activities and complex organizational structures. The driving force in these 
processes is the creation, movement and use of information. Hence, managing the 
flow of information becomes the key to timeliness. Information transfers highlight 
the path that information follows through a process, indicate subprocess 
dependencies, and allow the measurement of time-based activities. Consequently, 
the use of information transfers as a metric is a good process management tool, 
permitting process analysis beyond simple monitoring. 

In general, engineering performance is defined by tl1e degree of timeliness, 
process productivity and process predictability. For time critical knowledge work 
processes, there is a limited number of sources from which cycle time can be 
squeezed. These include reducing the span time and rework, as well as increasing 
the concurrency of activities. Better scheduling drives span time (project duration) 
closer to make time (temporal sum of all individual tasks). Better coordination and 
wodc discipline lead to reduced rework and more efficient resource utilization. 
More process concurrency reduces project duration. However, all these factors 
increase process complexity, and therefore, the difficulty of managing a project. 
Information transfers provide a mechanism to measure the effects of rework, span 
time and concurrency so that they can be controlled or used better. 

As already mentioned, tracking information transfers is an excellent way to 
monitor task progress and to measure process characteristics such as rework. By 
capturing the amount of rework and the interconnection of activities, it is possible 
to use the metric of information transfers as a tool for predicting process or project 
duration. Indeed, the various subprocesses witllin a process are linked through 
information transfers, with the output of one activity becoming the input to a 
number of downstream ones. This coupling of activities can be captured in a step
by-step view of a process. However, tracking information transfers provides a 
mechanism to gauge the level of rework (recycling through additional process 
tasks) and the corresponding delay this causes to downstream activities. However, 
active management through measurement of information transfers provides a 
useful process management technique that greatly improves overall process 
coordination, which in turn increases process effectiveness. Furthermore, t11e 
application of tllis metric is flexible enough to permit measurement at tl1e 
appropriate level of activity granularity to match tile requirements of a particular 
process analysis. 

The simple tracking of deliverables is neither a sufficient nor a satisfactory 
metllod for monitoring knowledge intensive, engineering processes. This is 
mainly due to tile small number of entities that can be monitored, as well as tile 
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lack of a convenient mechanism to track the contribution of task completion to a 
specific deliverable. and the interdependencies among the completed deliverables. 
The organized tracking of information, visible to all participants, can enhance the 
traditional techniques used for the scheduling of large engineering projects, such as 
PERT and CPM (Malone and Crowston, 1994); infonnation transfers do provide 
the means required. They are based on the flow of infonnation in a process 
throughout time, rather than at widely separated discrete events, as in the case of 
deliverables. They allow the detailed measurement of a process, and thus, permit 
better management 

4 GE CASE STUDY 

Studies were undertaken with General Electric Hydro (GE) to analyze their 
engineering specification approval (ESA) process. This process requires that, after 
a contract is won to design and build a hydroelectric turbine-generator system, GE 
must develop a complete set of engineering specifications for the system. Tilis 
includes the creation of conceptual, layout and detailed designs, the approval of 
engineering specifications by the customer, and the hand-over of the requisite 
information to manufacturing for production, and to the site contractor for the 
installation of the integrated system. TI1e main characteristics that define the ESA 
process are: high information content, high level of product complexity, low level 
of new technology development, large projects, and long time frames. 

Throughout the ESA process a great deal of coordination is necessary among the 
various sections within GE, as well as between these sections and the customer, to 
ensure that engineering infonnation is created and approved in a timely manner, as 
specified in the contractual agreement. The GE study investigated all the aspects 
of the ESA process and considered evidence from several projects, though it 
mainly focused on one large, international project, the ERTAN power dam project 
in Sichuan, China. A detailed stochastic model of the ESA process was developed 
using FirstSTEP™, a process modeling and simulation software tool from 
Interfacing Technologies Inc. (Montreal). The model encapsulated all the design 
and engineering activities associated with specifying all the components for a 
turbine-generator system for specification approval by the customer, and 
subsequent manufacture by GE. Actual activity data, such as work flow, effort, 
time. personnel involved, and communication patterns, were incorporated into the 
model. Many simulations were done to analyze the process. 

A key element of the study was the investigation of the capability of information 
transfers to show task completion and to illustrate the effects of delays, rework and 
concurrent activities. The results from this work are presented below. 
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4.1 Results 

One of the main subjects studied was rework. Multiple rework loops were 
simulated. These were due to either customer or GE engineer requested changes. 
Customer related rework caused more time delay than internal rework due to the 
lengthy and complicated approval procedures involved. Two scenarios were 
studied: first, a straightforward process with no rework; secondly, a triple rework 
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Figure 1 Information transfers for the stages of the ESA process with no rework 
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loop pattern at every interface point with the customer. In reality, the latter was a 
modest assumption for rework since a greater number of rework loops were 
usually performed in most cases. 

The occurrence of information transfers with respect to time for the no-rework 
and multiple rework scenarios is shown in Figures 1 and 2 respectively. The time 
axis is in calendar days; a week of forty working hours was used with holidays 
being neglected. The graphs in Figures 1 and 2 show the number of infonnation 
ttansfers for the conceptual, layout and detailed design stages in the ESA process. 
Note that rework (Figure 2) approximately doubles the length of time of each 
design stage. 

The general behavior of the information transfers with respect to time can be 
described by a second order, bell shaped curve. This conforms to the model 
developed by P.V. Norden (1964, 1970) which describes the level of design effort 
per unit time for a project; the model is effective when the design process is 
resource limited. Notice that the effort curve for conceptual design (Figure 1) is 
flat, which shows that the process is not resource limited. 

Analysis was also done with weighted infonnation transfers, i.e., each 
information transfer was multiplied by a factor which indicated the amount of 
effort 
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Figure 3 Information transfers with major milestones indicated for the ESA 
process with multiple rework loops 

needed to create a particular information transfer. With weighted information 
transfers, the difference in the curves for no-rework and rework was the extra 
effort caused by rework. 

Major milestones are indicated in Figure 3 on the same plot of information 
transfers as given in Figure 2. Milestones at the end of the ESA process for the 
transfer of information to manufacturing are not shown. It is obvious that 
information transfers are a much better metric for monitoring the performance of 
the design process. They are more numerous and occur more wtiformly 
throughout the process. 

Information transfers which specifically contribute to a fmal deliverable for the 
design of two major components are shown in Figure 4. The transfers represent 
the data that has to be created and then delivered at each stage of the design 
process for the winding and rotor components of the generator. 
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Figure 4 Infonnation transfers which relate to specific milestones are indicated at 
each design stage. 

A complete set of infonnation transfers is shown in Figure 5. The transfers start at 
the conceptual stage for the total design of a generator, followed by the separate 
information transfers during the layout stage for 5 major components. Some of the 
information transfers for the detailed design of tlte bracket are also shown. In 
addition, some of the dependencies between the infonnation transfers are 
indicated. In this fonnat, it is very apparent that infonnation transfers can capture 
the flow of infonnation, the interdependencies between different data streams, and 
how information contributes to deliverables. 
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Figure 5 A set ofinfonnation transfers and milestones for the design of five 
generator components in the ESA process 

5 CONCLUSIONS 

900 

Infonnation transfers were found to be a very useful tool in the study of 
perfonnance in engineering processes. They were able to show the timeliness of 
task completion and the dependency of downstream process steps to upstream 
infonnation. As well, they measured the effects of other process characteristics, 
such as rework, span time, time delays and concurrency. 

While Gantt charts can show some of the same things, they do so only with a 
view of how resources are used. Tius is usually not a measure of project 
timeliness, and certainly not, process perfonnance. Infonnation transfers are, 
however, a useful metric for indicating process timeliness, and thus, project 
timeliness. They are a direct measure of process perfonnance. 

Infonnation transfers also highlight the path of infonnation in a process showing 
the interrelationships and interdependencies of the process steps. This infonnation 
path is the knowledge path through a process. Monitoring infonnation transfers, 
then, tracks the essence of knowledge work processes, i.e., the creation, movement 
and use of information. 

This metric should provide a direct technique to overcome some of the 
inadequacies in the emphasis on control of resources in phase review and stage
gate processes. With the greater emphasis on timely completion of projects, 
managers need new processes and new process measurement tools such as 
infonnation transfers. While only studied for engineering processes, infonnation 



258 

transfers should be a useful metric for any information intensive process to 
monitor progress, predict task completion and measure performance. 
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Abstract 
In this paper, we first discuss the role of accounting, according to the current 
organizational concepts like Concurrent Engineering, Target Costing, and Value 
Analysis. In this context. we define the notions of measurement, estimation and 
evaluation, and situate them in the design I production process. Then we show the 
necessity of performance indicators between accountants, designers and producers 
and we deduce a set of conditions that a pertinent performance evaluation system 
has to fulfill. After a short description of the activity concept in Activity Based 
Costing (ABC) and Activity Based Management (ABM), we introduce a modeling 
methodology based on this concept, and we describe the associated Decision 
Support System (DSS). This proposal constitutes, in a concurrent engineering 
context, a support for communication about past, current and future performances 
of the design I production process. It is based on a double modeling of the firm for 
simulation, and on the exploitation of the results with a multi-criteria approach, 
allowing a multi-disciplinary team to participate to the design phase. This global 
approach has been implemented in an industrial site and we discuss first results. 
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Costing, organization, integration, ABC, simulation. 
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1 INTRODUCTION 

Nowadays, the evolution from a mass-economy to an economy of variety and 
reactivity forces the firms to be innovative while searching for control of costs, 
lead times, and quality in a continuous manner. AB a result, design and production 
methods have to change, and some organizational concepts based on 
transfonnation and project management appears. This context implies to 
reconsidering cost structures, the role of costs in decision processes, and more 
globally, the vision of the control activity of the firm. 

2 A POINT OF VIEW ON THE CONTROL OF THE ACTMTY OF 
THE FIRM 

Current constraints have direct consequences on organizational methods as much 
for production management (Just-in-Time, Cost Kaizen and Total Quality Control) 
as for development or design (Design to Cost, Value Analysis, and Design for 
Manufacturing ... ). These methods and concepts are characterized by a research of 
transformation, most common principles being decentralization, cooperation with 
suppliers, diagnostics, anticipation and distribution of responsibility. 

This tendency induces us to reconsider the information system of the firm, and 
particularly the cost management system. Management control, as a specific 
function, results from the transfer of systems analysis coming from biology, and of 
cybernetics coming from electronics, towards social sciences, (Mevellec, 1991). 
Effectively, the firm can be considered as a global regulated system that has to 
satisfy objectives (order) generally dictated by the market (in terms of variety, 
cost, quality and lead times). For this, solutions must be proposed (or designed) 
with regard to these objectives and to the real performance of the firm (that must 
be previously measured). The proposed solutions must be compared after 
estimating the corresponding performances. When a decision is made (a set of 
solutions is chosen), a command is given to the manufacturing process that 
provides products or services satisfying the needs expressed by the market. Then 
the obtained performances must be measured to allow, on the one hand, to verify 
that estimates are confirmed (and to make corrective decisions, if necessary), and 
on the other hand, to provide information for the design of future products or 
services. 

This very simplified vision of the firm, illustrated by Figure 1, points up what 
can appear as the main role of control managers in firms being their contribution to 
measurement, estimation and comparison of performances for making good 
decisions. 
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Producta 
or services 

Figure 1. Cybernetic vision of control activity. 

Some precautions must be taken about the implementation of the regulating 
notion. If the detection of unfavorable results must trigger corrective actions to 
achieve objectives, the detection of favorable results must not induce moderation 
on these efforts. On the contrary, the system must amplify the phenomena, to 
obtain continuous improvement of performances (Mevellec, 1991). 

3 CONSEQUENCES ON THE PERFORMANCE INDICATION 
METHODS AND TOOLS 

The previously introduced loop leads us to underline the consequences of growing 
cognitive and politic autonomy, that originates the transfer from a measurement 
problematic, to a diagnostic problematic, Lorino, 1996. Effectively, providing 
information on performance about given activities (in response to the question 
"how much?") is now useless without information on the reasons of these 
performances (response to the question "why?"). Where in the past, information 
had verification and repression finality; it must now be dedicated to the 
interpretation for action and apprenticeship. This reality induces that performance 
indication systems have to allow for cause-effect link comprehension. 

Three consequences on the performance indication system can be found. First, it 
must be based on a model able to distinguish products (and their components), 
activities and resources. Each of these entities has effectively an impact on 
performances and can constitute the distinctive element of different tactical or 
operational choices. Second, indicators must be more economical and physical: the 
explanatory power of economical indicators is now recognized as not being 
sufficient to allow diagnostics, (Bescos and Mendoza, 1994), (Giard and Pellegrin, 
1991), (Lorino, 19%). Finally, simulations must be performed due to the 
predictive significance given to the estimate notion. 

In the first part of this paper, the role of the management controller in 
organizational structures that characterize current firms has been specified. These 
new decentralized organizations, where decision is distributed between several 
services and hierarchical levels, make even more pertinent the action of 
management controller, (Bescos and Mendoza, 1994). In a very global manner, 
the role of the management controller is to implement, in a concurrent approach; 
the regulating loop previously presented. 
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This objective can be defined in the following sub objectives: 

e to ensure the communication between people having different skills 
(translating problematic) and/or coming within different hierarchical levels 
(deployment or aggregation problematic); 

e to provide information allowing us to know the relevance, the efficiency, and 
the effectiveness of activities that are (or that will be) implemented in the 
firm; 

e to make reliable estimations about future activities, and for this, to have a 
realistic image of the sub-systems of the firm (physical, information, decision, 
organization and economic system). 

All these conditions must be fulfilled to guide good decisions, to generate 
continuous improvement of manufacturing processes ("Kaizen" approach) and of 
development/design processes ("concurrent engineering" or "design to cost" 
approach). 

Since the last ten years, numerous reflections have been carried out about 
accounting models or methods allowing to join these objectives. It seems from 
these reflections that modeling of the activities, through methods like Activity 
Based Costing (ABC) and Activity Based Management (ABM) are emerging and 
constitute a potential response to the presented problematic. 

4 ADVANTAGES OF ABC AND ABM 

Activity Based Costing as a method appeared in the eighties owing to the works of 
Robin Cooper and Robert Kaplan, (Cooper and Kaplan, 1991), authors of the 
current mechanisms of the method, and owing to Michael Porter, inventor of the 
Value Chain, (Porter, 1986). The CAM-I introduced the theoretical approaches of 
Porter, Cooper and Kaplan in a practical and formalized methodology, in the Cost 
Management System (CMS) project, (Berliner and Brimson, 1986), (Troxel, 
1986), (Lorino, 1991). Then the Activity Based Management (ABM) appeared, 
where the concept of activity is used for strategic control of the firm, and where a 
real management by activities is driven, with the implementation of a coordination 
logic, an organizational engineering logic, and of a set of dashboards, (Lebas, 
1994). 

Regarding the reliability of information, approaches like ABC and ABM avoid 
artificial allocations. The first advantage of ABC is that expenses of the firm are 
first assigned to a set of significant activities, using resource drivers. Resource 
drivers (for example, duration of an activity for assignation of wages) come from 
the information system of the firm (Computer Aided Manufacturing, internal 
invoicing, questioning ... ). Second, activity costs are assigned to cost objects (a cost 
object can be a product, or a component, a document, a service). This assignation 
is made with activity drivers, that are specific to each activity, and that allow 
quantifying the cost objects' consumption or demand for each activity. 
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In tenns of relevance of information, ABC leads to a better understanding of the 
value creation and to a better cost mastering. The notion of activity favors a 
dynamic approach to decision making because it represents what the organization 
really does, (Bescos and Mendoza, 1994). To evaluate relevance and efficiency, 
what new management accounting has to do is: first to allow managers to know to 
what extend resources contribute to the value of the product, and second to allow 
each firm member to know what they can do to increase added value and to 
decrease cost. Activity Based Costing contributes to the vertical integration in 
providing operational performance indications, and in contributing to the 
identification of the key success factors of the company, and to strategic decision 
support. 

A process is a set of activities linked by significant infonnation or physical 
flows, and associated to provide a material or immaterial product. A process is so 
transversal in a functional, spatial and temporal point of view: it can need the 
participation of different skills in the finn (as for example, the process 
"improvement of quality"), use resources located everywhere in the finn (for 
example the process "to design and to implant information system") and be 
implemented in long tenn (as the process "to promote"). 

Following an approach based on the process analysis, each effort is made to 
optimize the global performance, (Lorino, 1996). Thus, if a process analysis is 
made in the previously quoted example, the first question will be "what are the 
costs and value added induced by the "data processing" process. 

Concepts of activity and process seem to be theoretically relevant for a 
management controller to ensure his role of integration and decision support. 
Nevertheless, tools currently used to exploit these concepts are not quite adapted to 
the different data processing necessary for perfonnance evaluation according to a 
tactical and operational point of view. 

We propose so in the next part a methodology aiming to respond to these needs. 

5 PROPOSAL OF A MODELLING METHODOLOGY 

One of the basic principles of our modeling methodology is that an expense can 
only be determined when a given activity is perfonned by a given resource to 
obtain a given cost objective. 

The second principle is that making decisions needs indication of perfonnance 
on each of these categories. Designers need to know the production cost of a 
product with new features, which of these features influence costs, and to compare 
these costs to the corresponding added value for customers. Management has to 
know the profitability of resources, to make tactical decision on new investments, 
and operationals have to know the contribution of each of their activities to the 
global performance and, to feel implicated in the competition of the finn. 

The main characteristic of our approach is the double modeling of the company, 
according to two further points of view, (Senechal, 1996): a top-down analysis of 
services and/or resources of the company, leaning on a representation of physical 
elements that implement these functions, and an analysis focused on the processes 
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and not on their physical supports (resources). Successive refinements of the 
processes constituting "macro-activities" allow an analysis to be performed. The 
modeling of a finn according to this approach is shown in Figure 2 

Figure 2 A double modeling of the finn. 

The influence of entities going through activities and resources is double: entities 
are consumed by activities, and their cost can be part of the cost of these activities 
(for example, the oost of oil for preventive maintenance activities); they also can 
influence the behavior of processes, according to their role in activities. For 
modeling these entities as a whole, we use the notion of transformable entity, and 
define the role of each transformable entity towards activities in using the 
modeling method Extended SADT (Feller 1989). This method was adapted to our 
economical analysis requirements. On Figure 3, we show the model of an activity 
"to make plan" and of a transformable entity, which constitute the interface with 
environment 

PSIE 
( Paper. Doc urn enla. .. ) 

PPIE 
(Job imtructiom. 
Techrical manual) 

TE 
( C omm erci aJ order ) 

PEOE • ( R:::_:,h of tracking forms ) 

FU 
( Deoign depll"lment ) 

PPOE 
(plan) 

Figure 3 Modelling of an activity and its interfaces. 

The different interfaces between the activity and its environment are entities 
having specific roles and implementing some specific notions: 

e The Processing Purpose Input Entity (PPIE): it is the principal input, its value 
is modified throughout the activity. 

e The Processing Support Input Entities (PSIE): they represent the entities 
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necessacy for the achievement of the activity, but they do not depend on the 
resource. These entities can be physical (e.g., some screws for an assembly 
activity) or informational (e.g., the assembly operation list). 

e The Trigger Entities (1E): they correspond to the notion of trigger, they are 
entities necessacy for the starting of the activity. 

e The Processing Pwpose Output Entity (PPOE): it is the main objective of the 
activity. It corresponds to the principal output, that is to say the entity whose 
value is modified. There is only one kind of PPEO for each activity, and it is 
common to each activity of the process. 

e The Processing Effect Output Entities (PEOE): they represent the physical 
entities (waste, scraps ... ) and informational entities (resources release 
messages, trigger of other activities ... ) resulting from the performing of the 
activity. These entities are factors coming from the activity, and influencing 
activities of other processes. 

e The resource notion is distinct from the input notion. It is afunctional unit. 

These models allow taking into account each element contributing to the costs 
and performances of the firm, as well as of their mutual interaction. Performances 
and costs are deduced from these simulations owing to notions stemming from 
automatic sciences. 

6 INDUSTRIAL APPLICATION 

The industrial site is a medium sized company (nearly 400 persons) producing ball 
and roller bearings, essentially from orders. Each product corresponds to a well 
identified customer, who waits for a precise technical and economic response to 
his needs. The principal added value is the technical know-how and the trade 
mastery. Production is made in little and middles series, products are various but 
with comparable technologies. 
It is important to note that in the firm, the demand for concerning our project, 
came from the technical manager who expressed a need for tools, allowing 
designers to know the impact of their decisions on production costs, and more 
generally on perfonoances. For the marketing manager, the need was about 
credibility and reliability of quotations. To make better products than competitors, 
he needed a means to distinguish products, and to identify for a given product its 
characteristics influencing the final production cost. For producers, the advantage 
was to be involved in the decision process of the finn, in giving some expectations 
on their future activities corresponding to the manufacturing of new product. The 
accounting manager saw in the project the opportunity to implement a 
performance evaluation system, allowing him to enrich his knowing of the 
operational processes of the firm. His interest was to be more implicated in the 
design and production processes, and to not "suffer" decisions in regarding costs of 
which he was not responsible. 

The information for the members of the firm allowed presenting the objectives 
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of the project, and the stakes of their participation. This task consisted in 
information and reflection meetings with the managers (technical, marketing, 
accounting ... ), and discussions with operational actors in their place of work, 
aiming to identify their activities and respective roles. 

Grouping of activities in processes was made in analyzing flows existing in the 
firm (physical, information and decision flows). Models of processes have been 
validated by managers, and successive modifications obtained by consensus. 

The different technical managers were quickly aware that this kind of cost 
approach might become a criterion for their decisions. The subjectivity part in 
decision making being reduced, the justification of choices with regard to the 
objectives of the firm were facilitated. For example, the choice was made for the 
investment in new equipment, for future products manufacturing, after consulting 
the information given by the estimation system (cost of set-up, of manufacturing, 
working factor.). 

A dashboard composed of physical and/or economic performance indicators can 
be associated to each point of view, and adapted to users needs. The approach 
respects the cognitive autonomy of each in taking into account different points of 
view, and ensuring the evaluation coherence associated with a common model. 

7 CONCLUSION 

We have specified the principles that, according to us, must be applied to answer 
the current needs of engineers in term of performance evaluation. We made a 
proposal of performance estimation and evaluation approach, supported by a 
software environment This approach does not assert to solve the problem on its 
own, but to contribute to some improvements. Its implementation being not totally 
completed, we can not give quantified and perpetuated results. Nevertlteless, 
theoretical evaluation and partial practical results allow us to affirm its coherence 
with current industrial expectations, and to consider interesting perspectives. 
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Abstract 
The derivation process of a product model for machining through the generation of 
machining features is discussed in this paper. Descriptions of the machining 
features are derived by applying machining constraints to the product model for 
design. Machining constraints consist of machine specifications, machine 
functions, and machining knowledge. Here the machine specification and functions 
are represented as a machine model, which is a type of facility model. The machine 
model is composed of a specification model and a process model. The specification 
model is the description of the static elements of the machine. The process model 
is the description of the actual operation by means of simulation. 
Manufacturing knowledge is used for listing candidates of machining methods, 
using tools, operation order, and machining conditions. A prototype system for 
milling feature generation using the milling machine model and machining 
knowledge is provided. 
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In a concurrent manufacturing system, a product model is used at various stages, 
such as product design and process/operation planning. However, the required 
product model differs depending on the stages. For example, a product model with 
machining feature description is required for the machining preparation or 
checking the process for machinability. This means that there is a product model 
for design, a product model for machining, a product model for assembly, and so 
on. In some cases, a product model for design is a product model with design 
feature descriptions, and a product model for machining is a product model with 
machining feature descriptions. In a concurrent manufacturing framework, all 
product models for XXX should be transformable between themselves, since all 
product models for XXX should be commonly usable as one product model at 
every manufacturing stage. Therefore, a framework for handling the product model 
is required, as pointed out in the literature. (Kimura, 1993) (Krause, 1993). This 
framework will provide flexible use and operation for product data, and as such, 
will provide one of the basic techniques for achieving concurrent manufacturing. 

Usually, a product model is created at the design stage. At this stage, the product 
model is described using design features. When this product model witl1 design 
features was automatically transformed to the product model with machining 
features, a total automatic machining system from product design to actual 
machining was realized (Matsuda, 1991 ). This transformation mechanism showed 
that descriptions of machining features were derived by applying machining 
constraints, such as usable machines and tools, to descriptions of design features 
(Matsuda, 1995) (Matsuda, 1996). A general methodology for handling the product 
model will be provided by expansion of this mechanism. This paper tries to 
provide the methodology which derives the product model for machining from the 
product model for design. Finally, this paper offers a proposal for the basic 
framework for handling the product model using manufacturing environment 
models. 
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Figure 1 Product model, scenario model and environment model. 

2 INTEGRATION FRAMEWORK FOR PRODUCT, SCENARIO AND 
ENVIRONMENT MODELS 

At the machining or assembly process/operation planning stage, it is required to 
focus on features which relate to operation units, such as a volume machined by a 
single tool or attaching faces at the assembly stage. The product model for 
machining or the product model for assembly is a product model which has explicit 
descriptions of adequate features. Similarly, there are product models for 
measuring, product models for quality control. and so on. 

Usually, a computer system generates a machining or assembly process plan, the 
order of operation, operation condition and control commands are determined by 
using the above mentioned feature descriptions. These generated plans, operation 
sequences, conditions and commands are represented as scenario models. The 
scenario model is used not only for actual production but also for simulation or 
evaluation. In order to realize a concurrent manufacturing system, the first step is 
the generation of a product model with adequate feature descriptions based on the 
product model used at the product design stage, and then generate a scenario 
model based on a suitable product model. 
Descriptions of adequate features, such as machining features or assembly 

features, are derived by consideration of the target facility, such as machines, tools, 
or robots used. Manufacturing knowledge is used when making decisions on 
selecting a target facility. In other words, the facility information and knowledge 
are used as manufacturing constraints for the derivation of feature descriptions. 
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Here, these manufacturing constraints are represented as an environment model. 
The environment model consists of facility models and manufacturing knowledge. 

Figure 1 shows the relationship between the product model, the scenario model, 
and the environment model. If the designer wants to check for machinability or 
assemblability of the product, the following steps have to be executed. First, the 
system has to generate a product model with machining or assembly feature 
descriptions by using the environment model. Second, the system will have to 
genemte a scenario model based on the product model while utilizing the 
environment model. Third, the system will have to simulate the scenario model and 
evaluate the result by again using the environment model. In order to achieve the 
actual production, the process which genemtes the scenario model via the product 
model including adequate feature descriptions will have to be executed. The 
environment model is required at every process stage. 

3 ENVIRONMENT MODEL 

3.1 Facility model 

The facility model models the static and dynamic properties of equipment. As 
shown in Figure 2, a facility model has a hiemrchical structure. At the highest level 
is the equipment model such as a machine model or a robot model. At the middle 
level are models of units, which are components of the equipment A unit is one 
functional block such as a controller and mechanism in the machine, or an arm and 
hand in the robot. At the lowest level are the models of parts which compose a 
unit 

Equipment Model 

lspecification Modell I Process Model I ___.,-- ---:::::::::: -Unit Model Unit Model 

FpecifiCSiion Modell I Process Model I Dl I 
/ ~ I Parts~ II 

Parts Model Parts Model 

I Process Model DD DD • ~pecification Modell 

Figure 2 Structure of facility model. 
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ENVIRONMENT MODEL 

Facility Model 

Figure 3 Structure of environment model. 

A part is one element of a unit such as a tool or a robot finger. In some cases, a 
facility model may have more or fewer levels in the hierarchy. 

Each of the equipment, unit and part models are composed of a specification 
model and a process model. The specification model consists of a description of 
static data, such as name, type, size, speed, and weight. The process model consists 
of a description of dynamic data, such as the results of some operation or condition 
during an operation. The process model at the equipment level and unit level has 
itself a hierarchical structure, since the total behavior of the equipment is based on 
the combined behavior of the motion of its units, and similarly, the behavior of a 
unit is totally the result of the motion of its parts. In other words, the process model 
represents the function of the equipment, units and parts. The implementation of 
the process model includes a simulation process. 

3.2 Manufacturing knowledge 

Manufacturing knowledge is used for listing candidates for a manufacturing 
method using a machine and process/operation plan. Also manufacturing 
knowledge is used for decision making when selecting from the candidates and 
generating the actual operation order and control commands. Manufacturing 
knowledge consists of manufacturing know-how, decision rules, the basis for 
evaluation and so on. As shown in Figure 3, the manufacnrring knowledge 
description has a hierarchical structure corresponding to the hierarchy of the 
facility model. Most manufacturing knowledge is described by IF-THEN rules. 
When applying a rule, the actual value for the condition of a part is provided by 
reference to the facility model at the corresponding level. For example, when 
selecting a device to be used, the equipment model is referred to, with parameters 
such as device identifier, product description, and reference item. The reference 
item indicates what kind of value is desired in this reference. 
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4 DERIVATION OF PRODUCT MODEL FOR MACHINING 

In this paper, a product model for machining means a product model with 
machining feature descriptions. Similarly a machining feature means, for example, 
the volume which is machined by a single tool. Figure 4 shows the basic derivation 
process for the product model with machining features by using the machining 
environment model. All machines and tools in the factory are modeled as facility 
models in the machining environment model. Also, the machining knowledge is 
described in the machining environment model. The product description already 
exists as a product model for design. The derivation proceeds as follows: 

1) Candidates of applicable machines are generated and listed. Under 
considerations of product shape, size, material, required finished accuracy, and so 
on, the system selects usable machines by referring to the machining environment 
model. 
2) The machine for the actual production is selected, taking account of machining 
cost. schedule, and so on. While the decision process is taking place, the 
environment model, especially the process model and knowledge, are referenced. 
3) Candidates of applicable tools are generated and listed, taking into consideration 
the product shape, product size, finished accuracy, cutting stage and so on. The 
system makes reference to tool models and related knowledge in the environment 
model. 

ENVIRONMENT MODEL 

F T Mod 1 Manufacturing 

~~@@ 
Figure 4 Derivation process of machining feature. 

4) The tools to be used are selected through rejection of candidate tools which have 
low cutting efficiency, such as a small machining area or long cutting time. 
During 
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the rejection process, process models for each tool model and knowledge are 
referenced. 
5) Machining features are generated by means of calculations of machined 
volumes 
corresponding to each of the selected tools. 

5 MILLING DATA GENERATION SYSTEM 

5.1 Structure of the system 

The milling data generation system described is a prototype system under 
development by the authors. This system produces a process plan for cutting as 
well as NC data based on the derived milling features. A milling feature is one type 
of machining feature. This system considers milling of a cavity for a die or mold. 
A cavity is one kind of a pocket. This system treats only a pocket with a 
complicated 2 1/2 dimensional shape. A 2 1/2 dimensional shape means the 
combination of several volumes which are derived by sweeping a 2 dimensional 
figure. Usually, straight endmills are used for 2 1/2 dimensional shape cutting. 

The structure of this system is shown in Figure 5. This system consists of two 
parts. One is the milling feature generator, and the other is the milling data 
generator. The product description which is obtained at the product design stage, 
provides inputs to the milling feature generator. In the milling feature generator, 
the milled cross section as milling area is determined based on the product shape. 
This is followed by the milling feature generation and tool selection, based on the 
milled cross section and making use of the milling environment model. Finally, 
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II Product Modell - .. 
ll for Design J 

l Product Model j II'" 
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Milling 
Scenario 

MILLING DATA GENERATION SYSTE VI 

Milling Feature Generator I J ~ENVlRONMENTMOD~ 
Milling Area Generator 

·w ·~f 1 ~f+ Milli~Machine Milling 

~~:~"JI S~~~~~ f--~el ~Knowledge 
~ 0. 

Milling Data Generator !liiSii]~ '-.. D a--
1 Process Plan Generator I ~ 

~~ I NC Data Generator I .._ _. 

Figure 5 Milling feature generation system. 
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the milling feature description is provided. The milling environment model 
consists of the milling machine model and milling knowledge. The milling 
machine model has a two level hierarchy. The higher level is at the milling 
machine level, while the lower level is at the tool level which is a description of 
available tools. The milling data generator produces a cutting process plan and NC 
data as a milling scenario based on generated milling features by using the milling 
environment model. 

5.2 Milling feature generation 

The process flow for milling feature generation is shown in Figure 6. The 
generation process proceeds as follows: 

1) The milled cross section at each bottom face depth is computed. Each milled 
cross section is considered independently as a milling area. 

2) For one milling area, the candidate list of possible tools are selected in the form 
of tool diameters of a straight endmill. This selection process is based on the 
corner size, distance between island areas, and the diameter of the biggest 
available tool. List of available tools and selection rules are provided by the 
milling environment model. The final candidate list of applied tool diameters 
consists in an ordering of tools according to their diameters from largest to 
smallest, since the largest possible tool would provide optimum milling 
efficiency. 

3) For each milling area, tlte list of milled areas are calculated by applying each 
tool on the corresponding candidate list. The milled area is tlte machinable 2 
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dimensional figure cut by the diameter of the candidate tool. The milled area is 
provided from the process model of the milling machine model with reference to 
the corresponding milling area and applied tool diameter. The result of this stage 
is a list of resulting milled areas, and a list of applied tools, ordered 
according to their diameters. 

4) The milled areas are edited according to editing rules in order to obtain milled 
volumes. In each list of milled areas, the milled area for the bigger tool is 
subtracted from the milled area for the smaller tool. The result of the subtraction 
provides the actual milled area for the smaller tool, because actual cutting starts 
with the bigger tool. The result is registered as the correct milled area for the 
smaller tool on the list of milled areas. However, if the result of the subtraction 
is smaller than the threshold area, the milled area for smaller tool is eliminated 
from the list The threshold value is decided based on the milling knowledge. 
Milled areas on all lists are divided into groups according to tool diameter. These 
groups of tools are ordered by size, largest to smallest. In one group, milled 
areas are ordered by depth, shallow to deep, and duplicated milled areas at each 
depth are eliminated. The volume cut by a single tool is obtained by sweeping 
the milled areas for one tool. 

5) One milled volume corresponds to one milling feature. Milling feature 
descriptions are derived from the milled volumes. 

6 CONCLUSIONS 

A mechanism for deriving machining feature descriptions using a milling 
environment model was proposed, based on the concept that machining features 
are obtained by applying .machining constraints to the product model for design, 
and that machining constraints are represented as an environment model. A 
prototype system developed showed the basic propriety and utility of the proposal. 

Through using an environment model which is composed of facility models and 
manufacturing knowledge, the flexibility and expandability of the proposed system 
are increased. For example, when a new machine is added in a factory, only the 
addition of a new machine model and its related knowledge is required. 
Furthennore, it is possible to compare machinability by generating and simulating 
machining data for corresponding available machines, since the system has several 
facility models available at the same time. This means that the proposed system is 
one kind of a virtual manufacturing system. 
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Abstract 
This paper considers the automation of industrial processes; in particular we focus 
attention on those operations that require the manipulation of wires and cables, 
such as laying. 

To this end. we used a software prototype, named SoftWorld, that provides a 
graphical environment to simulate the handling machinery integrated with the 
dynamic and static behavior of the material. 

To fulfill our goal we proceeded in three steps: analysis of possible wire models, 
identification of possible approaches to simulate the handling process, and 
validation through experimental tests. 

In order to cover most of the typical problems in wire simulation, different 
models have been considered to describe wires and simulate their behavior. The 
objective has been to investigate different approaches analyzing advantages and 
disadvantages with reference to the goal of the simulation. 

In the same way, for the simulation of the handling process we considered 
different approaches that imply different computational costs and give different 
levels of accuracy. 

Results obtained will be described as well as fmal considerations and future 
developments. 

Keywords 
Wire handling, nonrigid materials modeling and simulation, automation. 
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1 INTRODUCTION 

Mainly in the automotive and aerospace sectors, wire and flexible tube laying 
design is getting more and more important. Several sensors and actuators are used 
even in low-cost vehicles both for safety and performance. Examples include 
diagnotic systems. ABSs, climate control systems, airbags, integrated hi-fi 
systems. and so on. 

The automation of wire laying processes is usually considered as a 'geometrical' 
planning problem but, in general, this is not correct: several 'physical' parameters 
should be taken into account. Wires and flexible tubes in vehicles are exposed to 
damages due to high stress, high temperature, and vibration. Some of the damage 
causes could be eliminated during the design phase by taking into account the 
behavior of the vehicle under operating conditions. Tools for off-line analysis 
could be very effective in detecting design pitfalls. 

In such a context, we developed a software prototype, named SoftWorld, that 
provides a graphical environment to simulate the handling machinery integrated 
with the dynamic and static behavior of the material. At first the system was 
experimented with considering typical operations in the clothing industry, e.g. pick 
and place of garment pieces or garment draping on digital mannequins (Cugini 
1994, Denti 1996). Now we focus our attention on a different class of flexible 
objects. wires and cables, and on processes that require their manipulation, e.g., 
vehicle assembly or recycling. 

Wire behavior simulation can be carried out at different levels of accuracy (and 
computational cost) depending on problem requirements. In the following, 
different approaches to model wires are shown with their advantages and 
disadvantages, in order to cover most of tlte typical problems in wire simulation. 

Tests carried out to compare the potential of different wire models and 
approaches for process simulation will be described as well as final considerations 
on the results obtained. 

2 NONRIGID MATERIALS REPRESENTATION 

The approach adopted in SoftWorld (Denti, 1996) to model flexible materials is 
based on the known particle-based approach (Witkin, 1995, Volino, 1995, 
Eberhardt, 1996): witlt a particle-based representation, a deformable object is 
described as a set of mechanical elements (particles) and forces acting among 
tltem, representing tlte macro-behavior of tlte material (e.g., elasticity, plasticity). 
For example, a piece of fabric can be modeled as a grid of particles witlt a 
distribution of forces, like bending, stretching and repelling. Different materials are 
modeled using different: 
• particle meshes; 
• particle masses; 
• sets of inter-particle forces. 



280 

In order to simulate a manufacturing process, it is not sufficient to model only the 
defonnable objects but it is necessary to consider external forces that could be 
applied to the objects (e.g., the action of a gripper), constraints that must be 
respected (e.g., a predefined trajectory), and rigid obstacles (e.g., a worktable). 

SoftWorldpennits modeling not only different classes of flexible objects but also 
the physical environment surrounding them, in tenns of external forces, constraints 
and rigid obstacles. Figure 1 portrays the high-level architecture of the prototype. 
Two main components can be identified: SoftLand, the modeling and simulation 
library, and Softlnterface, the graphical user interface. 

n Cons1!3lnt M.ltlager . I 
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ODE I 
Slmulamt 

Softob~cts 
Po~rd(/n+lntf'f~fOJt-e-J+ 
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Environment 
~,.....,.;t., ... •toll<l1ol!n" 

Modeller 

Figure I ffigh-level architecture of SoftWorld 

Softland can be subdivided in two main modules: the modeler and the simulator. 
The modeler comprehends all the necessary functionalities for the definition of 
nonrigid objects and surrounding environment As already stated, nonrigid objects 
are represented by a set of particles interconnected by internal forces and subjected 
to internal constraints, while the environment is a set of external forces and 
constraints. The simulator comprehends: 
• an ODE (Ordinary Differential Equation) numerical solver; 
• a Constraint Manager, whose aim is to manage constraints and obstacles 

during the simulation. 

The system also provides the end-user with a graphical environment, Softlnterface, 
to model nonrigid materials and to simulate their behavior during handling 
processes. Through the user interface, the system allows a designer to: 
• describe nonrigid objects together with their physical properties as a set of 

particles interconnected by internal forces (describing the physical behavior) 
and subjected to internal constraints; 

• describe a virtual physical environment as a set of external forces (e.g., 
gravity), rigid obstacles, and constraints; 

• simulate the behavior of the objects in the defined virtual physical 
environment, producing both numerical and graphical output; 
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• produce high-quality graphical outputs using different rendering techniques. 
Up to now the prototype has been used: 
• to model and simulate flexible industrial products, in this case wires; 
• to simulate automated handling processes. 

In the following, we illustrate different representations that can be adopted to 
model and simulate the behavior of wires during handling operations. 

3 WIRES REPRESENTATION AND SIMULATION 

To simulate wire handling two problems have to be considered: 
• how to represent wires (in our case, how to do it using a particle-based model); 
• how to describe the interaction with the environment in terms of external 

forces, constraints and obstacles. 

The particle-based approach can be seen as a macro-molecular representation. The 
accuracy level needed for the simulation determines the particle mesh resolution of 
the model. Tending toward the exact molecular representation. both for particles 
and forces. we obtain simulation results that better approximate the real behavior. 
Of course, the exact molecular representation is too complicated to handle and, 
moreover, approximated solutions are in general good enough for common 
purposes; different levels of approximation are usually required for different 
problems. 

Our objective has been to investigate different models for wire behavior 
simulation and find out which is the best suitable with reference to the goal of the 
simulation. 

Different representations have been considered in order to describe wires and 
simulate their behavior: 
• unidimensional; 
• surface-like; 
• solid-like. 

Each model is characterized by a different level of realism and computational cost. 
Even for the problem of the interactions with the environment, considerations 

can be done taking into account the level of realism required. Several parameters 
can be considered or ignored: in a simulation of a grasping operation we could take 
into account the roughness of the gripper fingers, the force exerted by the gripper 
(and therefore the deformation generated), and collisions with other parts of the 
robot arm. 

Two approaches, corresponding to different problems, have been identified: 
• imposing a trajectory constraint; 
• considering the real gripper action. 
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In order to verify and evaluate the different models and simulation approaches, two 
tests have been carried out: simulation of automatic wire laying and simulation of 
wire defonnation due to the action of a gripper. 

In the following, wire models and simulation approaches will be described with 
reference to the tests considered. 

The unidimensional model is the simplest representation of a wire or a cable, by 
which the object is represented as a string of particles, with stretching, repelling 
and bending forces that connect each particle to its previous and next neighbors. 
Due to the fact that only one of the three dimensions of the object is considered, 
this model is suitable for simulations in which computational speed is more 
important than realism of the object behavior or when the study of transversal 
defonnations is not relevant. Therefore this model is not satisfactory enough for 
our tests. 

4 SIMULATION OF AUTOMATIC WIRE LAYING 

This test considers the simulation of wire laying operations: we suppose to grasp a 
wire and move it along a specified trajectory. Various obstacles represent the 
surrounding environment. Therefore, in this case the focus is on the behavior of the 
wire during the operation. 

The surface-like model has been adopted to represent the wire. The object is 
modeled with a cylindrical surface: the process of discretization is carried out by 
positioning the particles on the intersection of the isoparametric curves of the 
surface (Figure 2). In this way, the model becomes a series of connected rings of 
particles distributed along the central axis of the object. 

Figure 2 Wire represented by a set of particles distributed on a cylindrical 
surface 

Between every pair of rings we set elastic forces simulating the resistance to 
pulling and compressive stress. Other forces are also set in order to simulate the 
bending resistance and the cross-section deformation tension. 

This model offers a good level of realism and acceptable computational cost. 
With respect to the unidimensional model, it implies more complex collision 
detection due to a more complex geometry and a bigger set of parameters to be 
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tuned in order to obtain the real behavior. However, this approach offers an 
average level of realism at an average computational cost and the possibility to 
take into account the torsional stress. 

The simulation is carried out by imposing a trajectory constraint. This approach 
is based on the following assumptions: 
• a grasped object. if the operation is correctly done, can be considered forming 

a single unit with the gripper; 
• material deformations generated by the gripper action can be ignored. 

The trajectory constraint has been considered in order to impose a particular 
motion law to some particles. In order to define the constraint, we first determine 
the area involved in the grasping operation and then the particles contained witllin 
this area are constrained to follow the gripper trajectory. In such a way, t11e 
grasping action is simulated imposing a predefined trajectory to tl1e particles 
detected. 

Main characteristics of this approach are: 
• higher simulation speed, if compared with the other approach that will be 

described in the following; 
• independence from the shape of the contact surface between object and gripper 

and from the friction coefficient; 
• low level of realism, because the grasping action on the material is not 

simulated. 

The layout used for the test is as follows (Figure 3): 
• a wire laying on a table; 
• a gripper that holds one end of the wire; 
• obstacles represented by tl1in walls. 
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Figure 3 Wire laying simulation 

The wire is grasped at one of its ends and moved along a predefined trajectory. The 
object is therefore constrained to follow the trajectory imposed by the gripper. 
Figure 3 shows some steps of the behavior of a wire when manipulated as 
described. In the sequence shown in Figure 3, it is possible to see the behavior of 
the wire when colliding with obstacles. 

5 SIMULATION OF THE ACTION OF A GRIPPER 

The second test considers the simulation of the action of a robot gripper. The most 
important aspect of this example is the defonnation of the material due to the 
external forces applied. 

A three-dimensional model of the wire is more suitable for this simulation since 
it offers a higher level of realism. A possible discretization can be the 
decomposition of the object into small cubes (in the same way as if we were using 
a voxel representation), which will be represented by particles (Figure 4a). 
Generality is the main characteristic of this type of discretization, in fact this model 
could be adopted for any shape, not only for cylinder-like objects. 

However, we loose axial symmetry, and a purely homogeneous discretization 
may cause large irregularities of the object surface (especially when using a small 
nwnber of particles). 

A more suitable discretization for a cylindrical object such as a wire is to 
displace the particles radially within the cross-section as shown in Figure 4b: in 
this way the set of inter-particles forces is arranged in a symmetric way within the 
section. 

(a) 

Figure 4 3D representation of the wire: (a) cubic-based mesh, (b) radial-based 
mesh 
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With respect to the previous model, this one implies: 
• higher level of realism. because all the three dimensions of the object are 

considered; 
• bigger number of particles and forces. that implies higher computational cost. 
The gripper is represented as a set of rigid objects whose surfaces are characterized 
by a roughness value. The rigid objects defining the gripper must follow a given 
trajectory in the space and when they touch the wire, a mechanical action of 
compression and friction on the wire surface is accomplished. 
With respect to the previous approach, we have: 
• higher level of realism: in this case we take into account the friction between 

the wire and the rigid objects as well as the wire deformation; 
• possibility to calculate the force and the medium/maximum momentum of the 

gripper during a time interval: this can be useful to properly quantify the 
mechanical characteristics of the gripper; 

• generality: we can define a gripper or some other mobile rigid object that will 
interact with a generic nonrigid object in a proper way; 

• higher computational cost: this approach implies complex collision detection 
between the gripper and the wire and the calculation of friction and 
compression; 

• the simulation requires a model characterized by a high level of physical 
realism. otherwise the simulation can produce completely wrong results. 

The end-effector of the gripper is modeled by two flat plates. The wire lays on a 
worktable and the gripper grasps and then translates it The simulated action is 
simpler than the previous but the models of the objects present in the scene are 
more complex. Figure 5 shows the behavior of the wire when manipulated as 
described: the deformation due to the action of the gripper can be seen. 
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Figure 5 Simulation of tbe action of tbe gripper 

6 CONSIDERATIONS 

In some cases, it is convenient to adopt a combination of the described models. For 
example, in order to simulate a real electric cable, we can model the external shell 
as a cylindrical surface and use any of the other approaches to model the core. We 
can obtain different levels of realism and computational cost by using different 
combinations. 

Even for the problem of the interaction it can be useful to adopt a mixed 
approach that is a combination of the two approaches described. It consists of two 
steps: at first we calculate the wire deformation, due to the gripper action, 
following the second approach; then, supposing the wire is fixed with respect to 
the gripper (that means it cannot slip away) and the deformation constant, we 
follow the first approach. 

This technique is based on the following approximation: the pressure exerted by 
the gripper deforms the material only when it grasps it Any further movement of 
the gripper does not change the effect of the finger pressure. This assumption is 
quite reasonable in several cases and it allows lowering significantly the 
computational cost of the second approach described. 

Main characteristics are: 
• possibility to take into account, even if partially, the wire deformation; 
• average computational cost during the second phase of the simulation; 
• more complex algorithm, because we must perform it in two different steps. 
This mixed approach is currently under development. 
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7 CONCLUSIONS 

We showed bow wires and cables can be modeled and simulated using a particle
based approach. Analyzing the techniques studied, we can see that the particle
based representation exhibits a high level of generality and flexibility. The basic 
idea of discretizing the object into a set of particles does not limit very much the 
set of simulation techniques applicable. Several algorithms, very different among 
themselves, can be easily tested; even different levels of precision can be obtained 
using the same basic modeling idea. All the modeling and simulation approaches 
described here are based on the same software package (SoftWorld), but many 
other approaches to the wire manipulation problem can be tested. 
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Abstract 
Reverse engineering is a methodology for constructing CAD models of physical 
parts by digitizing an existing part, creating a computer model and then using it to 
manufacture the component. When a digitized part is to be manufactured by means 
of rapid prototyping machines such as stereolithography apparatus (SLA) and 
selective laser sintering equipment (SLS), etc., it is not necessary to construct the 
CAD model of a digitized part. This will be described by the proposed novel 
method which can construct a STL file (the de facto file format for rapid 
prototyping machines) directly from digitized part data. Further more, the STL file 
can even be constructed in a way that significant data reduction can be achieved at 
the users' discretion. 

Keywords 
Reverse engineering, rapid prototyping, triangulation, STL 

1 INTRODUCTION 

Reverse engineering is an important process in the design and manufacturing 
context. This can be illustrated by two examples. First, a product that initially 
exists in a designer's medium such as clay and wood, must have its surfaces 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
C 1997 IFIP. Published by Cbapman & Hall 



290 

digitized in order to convert the model to a computer-based 
representation(compatible with CAD/CAM systems). Secondly, if part drawings 
are not available in CAD form such as some proven old designs or antiques, CAD 
models of such parts can be constructed through reverse engineering techniques. 
Given a CAD model of a part, traditional methods such as CNC machining can be 
used to produce the parts. However, it is sometimes impossible for CNC machines 
to machine complicated surfaces both rapidly and cost-effectively. Over the past a 
few years, rapid prototyping machines have been widely used in industry. A 
variety of rapid prototyping technologies have emerged(Yan and Gu, 1989, Miller 
and Grote, 1995, Wallet et al., 1992). They include Stereolithography (SLA), 
Selective Laser Sintering (SLS), Fused Deposition Manufacturing (FDM), 
Laminated Object Manufacturing (LOM), Ballistic Particle Manufacturing 
(BPM), and Three Dimensional Printing (30 Printing). These technologies are 
capable of directly generating physical objects from a CAD model. They have an 
important common feature: physical parts are produced by adding materials layer 
by layer. This is opposite to traditional machining methods which make physical 
parts by removing material. 

In rapid prototyping, STL file format has become the de facto standard(3D 
Systems, 1988). An STL file consists of a list of triangular facet data. Each facet 
is uniquely identified by a unit normal and three vertices. The normal and each 
vertex are specified by three coordinates each, so there is a total of 12 numbers 
stored for each facet. Apart from this, triangular facets in an STL file must also 
obey the following two rules. 

Facet orientation 
The facets define the surfaces of a 3-dimensional object. As such, each facet is 
part of the boundary between the interior and the exterior of the object. The 
orientation of the facet is specified redundantly in two ways which must be 
consistent. First, the direction of the normal is outward. Second, the vertices are 
listed in counter-clockwise order when looking at the object from the outside. This 
rule is illustrated in Figure 1. 

Nonnal 

~:..-------- ptl pt3 .t/!. 

Figure 1 Orientation of a triangular facet. 
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Vertex-to-vertex 
Each triangular facet must share two vertices with each of its adjacent triangles. 
In other words, a vertex of one triangle cannot lie on the side of another. This rule 
is illustrated in Figure 2. 

(a) Violation of vertex-to-vertex rule (b) Correct triangulation 

Figure 2 The vertex-to-vertex rule. 

Most recent commercial CAD/CAM software systems are capable of generating 
STL files directly from a surface model. The majority of triangulation methods are 
based on a known surface model(Schumaker, 1993, Sheng and Hirrch, 1992). 
Triangulation of scattered data in 3D space often has an objective of constructing 
smooth surfaces(Ox1ey, 1985, Park and Kim, 1995). Literature about optimized 
STL file generation from reverse engineering data cannot be found. The most 
relevant publication is found in Hamann paper(Humann, 1994). His proposal 
removes a triangle based on curvatures at the three vertices of a triangle. Again, 
his research has smooth surface fitting in mind. This paper describes a data 
reduction method for automatic STL file generation directly from reverse 
engineering data. The proposed method is based on surface normals of triangles 
that share a data point. 

2 AUTOMATED STL FILE GENERATION 

There are various methods for part digitization. The presented research utilizes a 
Mitutoyo BLN 122 coordinate measuring machine (CMM) to digitize a part. In 
order not to miss any detail of part geometry, a large number of measurement 
points are normally defined. If all points are used in STL file generation, the file 
can easily becomes huge that the whole rapid prototyping process will be slowed 
down significantly. In fact, keeping lots of data points in nearly planar regions is 
rather unsophisticated. Removal of data points in these regions would not affect 
the accuracy for rapid prototyping machines. A criterion based on normals of 
neighboring triangles has been defined as to which points can be removed in 
accordance with users' requirement. 

Point data from CMM measurement is usually very regular and can be arranged 
in matrix form. If all measurement points are to be used for STL file construction, 
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the problem becomes quite simple. In fact, the proposed method initially uses all 
points to form triangles in the following simple way: 

Given a data point matrix M(i,j) 
where i = 1, ... rn;J = 1, ... Jt 
Forj=1ton 

End 

fori= 1 to (m-1) 
join M(i,j) to M(i+ 1,}); 

Forj = 1 to (n- 1) 
fori= 1 tom 

join M(i,j) to M(i,j+ 1); 
fori= 1 to (m-1) 

join M(i,j) to M(i+ 1J+ 1); 

With the above procedure, data points can be triangulated as shown in Figure 3. 
It can be seen that triangles formed in this ways conform to the STL file vertex-to
vertex rule. 

• • • • • • 
• • • • • • 
• • • • • • 
• • • • • • 
• • • • • • 

(a) Data points (b) Triangulation 

Figure 3 Initial triangulation. 

To generate a complete STL file, normalized surface normals of triangles must 
be specified. Given a triangle as shown in Figure 1 (pt~. pt2 and pt3 must be 
arranged in counter-clockwise direction), normalized normals can be easily 
calculated from the following procedure. 

(a) Form two vectors V3t and V32 by 

V3t = Ptt- Pt3 
Vn = Pt2- Pt3 

(b) Calculate surface normal from the cross product. 

(1) 
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(c) Normalize n through the division. 

A n 
n=-

lnl 

With the above information, STL file can be readily generated. 

3 DATAREDUCTION 

3.1 Data reduction in percentage 

293 

(2) 

(3) 

If the digitized object has large planar or near planar regions, it is desirable to 
remove some of the points in these regions. In order to identify which points can 
be removed, a point weighting scheme based on a point surrounding triangles' 
normals is developed and described in the following: 

(a) Search all triangles A that share the point in concern. 
(b) Let one of the surface normal U in ll be the reference vector, calculate 

subtractions of U With the rest of surface normals in A. 

UV1 =V1 - U 
UV2=V2- U 

• 
• 
• 

uv.=v.- u (4) 

(c) Transform all resulting vectors to first quadrant by taking the absolute values 
of all vector components, e.g. uv2 = ai + bj + ck is transformed to uv2 = lali 
+ lb~ +!elk. 

(d) Sum up all the resulting vectors. 

(5) 

(e) Calculated the average quantity d by 
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(6) 

If d is small for a given point, the point stands a higher chance of being 
removed. Which points are to be removed depends on users' specifications. If a 
user want 100/o of the point data be removed, then points with the lowest 100/o of d 
will be removed. 

3.2 Data reduction by bounded error 

In computer visualization, polygonal mesh, triangles in particular are usually used 
to approximate object surfaces. In the triangulation of an object surface, accuracy 
is often controlled by bounded error(Kalvin and Taylor, 1996). The bounded error 
concept is also adapted in this research to control errors resulting from data 
reduction of an STL file in rapid prototyping. 

In data reduction, two strategies can be used. One is to remove the point one at a 
time. The other is to remove several points, or a patch at the same time. After 
consideration of error accumulation and computation efficiency, patch removal 
strategy is implemented in this research. 

Suppose a patch has k triangles. The normals and areas of the k triangles are nt 
to Ilk and St to St respectively. Let 

The patch direction normal is calculated by: 

" n 
n=-

lnl 

" 

(7) 

(8) 

(9) 

The direction normal n is an indication of the direction of maximum projection. 
Based on the patch direction normal, a minimum enclosing box of a patch can be 
calculated. For illustration purpose, Figure 4(a) shows a patch and its bounding 
box. After data reduction (Suppose the three points in the middle are removed), 
the new patch and its bounding box are shown in Figure 4(b). The bounded error 
Ep is measured along the patch direction normal, that is 

Ep=:O., -D. (10) 
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i 
Patc:h nonnal diredlon 

(A) Before removal 

i 
Patc:h nonnal diredlon 

(B) After removal 

Figure 4 Error definition. 

This error can be specified by the user so that the accuracy after data reduction is 
still within control. 
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4 RE-TRIANGULATION 

When a point is to be removed, triangles sharing this point must be removed too. 
This leaves a lank region' which must be covered through re-triangulation. The 
implemented re-triangulation method is described in the following: 

(a) Point P to be removed 

(c) Form a new triangle 

Point to be 
dlleted 

The shortest 
one is found 
and use it to 
construct one 
trian&le 

(b )Distance Calculation 

(d) The rest of triangles are formed in the same way 

Figure 5 Re-triangulation. 

(l) Form a point list L that are affected by the removal of a point. In figure 5(a), 
if point Pis to be removed, the affected point list will beL= {Pt. P2, P3, P4, 

P5, P6}. 
(2) Take three consecutive points from the point list L and check whether the 

triangle formed by the three points is inside or outside the region formed by 
L. If not. take another three consecutive points and check again. 

(3) Calculate the length of the line formed by the first and the last point of the 
three points as shown in Figure 5(b) in dashed lines. 

(4) Repeat (2) and (3) until all combinations of consecutive three points have 
been exhausted. 

(5) Find the shortest length and use the corresponding three points to form a real 
triangle as shown in Figure 5(c). Calculate the normal of the newly formed 
triangle and delete the middle point of the three points from L have Lt. 

(6) Repeat from (2) with point list L until no more than four points left in Lt. 
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Figure 5(d) shows are-triangulated region after a point is removed. Point removal 
and re-triangulation will go on iteratively until certain criteria are met. Two 
criteria are given for users' specification. One is the percentage of points to be 
removed and the other is the bounded error caused by points removal . 

5 EXPERIMENTAL RESULTS 

With the implemented method, a number of examples have been tested. One of 
the example is a human face. It was digitized using a Mitutoyo BLN 122 
coordinate measuring machine as shown in Figure 6. As some parts of the human 
face has very low curvature change, some data points can be removed. In the 
experiment, data reduction for 20%, 50% and 80% have been specified for 

Figure 6 STL file without data reduction. 
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Figure 7 STL file after 50% data reduction. 

prototype fabrication. Figure 7 shows the STL file after 50% of data reduction. It 
can be seen that regions with small curvature changes have large data reduction. 
This is exactly what is desired. 

6 CONCLUSION 

This paper has presented a novel method for STL file construction directly from 
CMM measurement data. When desired. the user can specify either the percentage 
of points to be removed or the bounded error caused by points removal in order to 
speed up computation and to reduce storage space. Several prototypes with 
different amounts of data reduction have been built using an SLS equipment 
which shows satisfactory results. 
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Abstract 

Tool electrode is a vital factor in Electrical Discharge Machining (EDM). The 
non-availability of an ideal single tool material points to the Powder Metallurgy 
(PIM) process for combining the desirable properties of different tool materials. 
The properties of electrodes prepared by P/M route are detennined by the powder 
characteristics as well as process variables. Due to the complex nature of electrical 
discharge machining, it is very difficult to detennine the optimum conditions for 
improving machining perfonnance. In this paper, a feed forward back
propagation neural network is used to correlate the process parameters with 
electrode performance. Experimental results have shown that the machining 
performance of EDM can be estimated and consequently improved upon by this 
method. 

Keywords 

EDM, P/M Electrodes, Perfonnance indices ,Neural Network, Back Propagation, 
Machining estimation. 
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1. INTRODUCTION 

The erosive effect of electrical discharges on metals has been known for a long 
time, but the first step to use it for machining was made by Lazarenko in 1946 (1). 

Now it is a well developed technique for the manufacture of dies and moulds. Due 
to the technological developments in the past few decades, Electrical Discharge 
Machining (EDM) can provide an effective solution for machining hard conductive 
materials and reproducing complex shapes. Sophisticated computer control with 
fully automated work handling systems have enhanced the capability of EDM 
process (2). Even in the midst of all these technical excellence, selection of various 
input parameters for obtaining higher performance is not yet fully solved (3,4). 

Electrical discharge machining involves complicated phenomena such as spark 
initiation, dielectric breakdown, thermo-mechanical erosion of metal etc. (5). Due 
to the stochastic nature of EDM process, it is very difficult to map input factors to 
cutting performance using the conventional techniques. But neural networks are 
highly flexible modeling tools with an ability to learn the mapping between input 
and output variables (6-10). The advantage of neural network is utilised here to 
predict the machining perfonnance of each electrode. A multi-layered, feed forward 
neural network with supervised learning has been used in the present work. The 
input-output data are normalised before the ·initiation of the neural network for 
better convergence and accuracy of the process. Since electrical discharge 
machining is basically a metal removal process, the amount of metal removed form 
the work piece in unit time and the electrode wear are the most important factors to 
be considered for evaluating the performance of a tool. For a comparative 
evaluation of such factors the conventional solid (forged) copper electrode is 
selected as a reference. Based on the performance of this conventional solid 
electrode. Powder Metallurgy (PIM) electrodes can be evaluated as described in the 
following pages. 

2. POWDER METALLURGY ELECTRODES IN EDM 

EDM is based on the controlled erosion of materials by elelctric sparks between 
tool and work piece submerged in a bath of dielectric medium. The EDM process 
as it is understood today, can be divided into three sub divisions. 

1. Application of adequate electrical energy 
2. Dielectric breakdown and spark phenomena 
3. Expulsion (erosion) of materials. 
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Although this is a simple depiction of a complex process, it is sufficient to 
provide an overall perspective. Figure 1 shows the factors which affect the overall 
EDM performance. Among these factors, electrodes play a vital role in machining 
performance and accuracy ( 11, 12). 

Figure 1 EDM Performance as a function of different Jlarameters 

The tool electrode material should not only be resistant to electric erosion, but 
also be capable of removing maximum material from the opposite electrode (work 
piece). Although an ideal single material with such a property does not exist, 
powder metallurgy (PIM) provides a means of combining desirable characteristics 
of different materials. In this process compacting and sintering conditions as well 
as powder characteristics are decisive factors. Judicious selection of operating 
variables results in optimum electrode perfonnance. 

The results of EDM with P/M electrodes do not match completely with the 
conventional. These electrodes produce varying responses depending on the powder 
metallurgy conditions employed in their manufacture. In short, powder metallurgy 
process variables control the electrode properties and thereby dictate the 
performance of P/M electrodes in EDM. In order to describe the perfonnance 
behavior ofP/M electrodes, following performance factors are defined in this paper. 

1. Machining Index (MI): It is the ratio of metal removed by a P/M electrode to 
that of by the conventional solid copper electrode of same dimensions 
operating under similar conditions. 
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2. Electrode Perfonnance Number (EPN). It is the ratio of the wear ratio of a 
P/M electrode to that of a conventional solid copper electrode of same 
dimensions operating under similar conditions. 

3. Material Removal Rate (MRR): It is the amount of work material removed by 
the electrode per unit time. 

MI and EPN of solid copper electrode is fixed as I 00 and based on this reference 
P/M electrodes are graded. Negative value in any of these factors indicates metal 
deposition rather than metal removal. 

3. EXPERIMENTAL DETAILS 

Electrolytic copper (99.7% pure) powder was the starting material. A double cone 
blender was used for mixing the lubricant (1% zinc stearate by wt.) with the 
powder and the electrodes were prepared in a single acting press with die assembly. 
The electrodes prepared at different compacting pressures were sintered to different 
levels using a tubular furnace. The detailed specifications of compaction and 
sintering are given in table I. 

Table 1 Specification of Compaction and Sintering 

COMPACTION 

Press capacity 
Mode of compaction 
Diameter of compact 
Length of compact 
Compaction range 

SINTERING 

Type of furnace 
Protective atmosphere 
Heating Rate 
Pre-sintering Temp. 
Max. Temperature 
Sintering time 

20Ton 
Single action 
14mm 
12mm 
62 to625 MPa 

Tubular 
Argon gas 
14° C/min. 
400°C 
950°C 
30 min. 

Perfonnance evaluation of these P/M electrodes were carried out by Nassovia 
Krupp-31 discharge machine equipped with iso-frequent pulse generator. Kerosene 
was the dielectric medium and hardened steel (53 HRC) was used as work piece for 
all e.ll.'])eriments. Experiments were conducted with different settings of Pulse 
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current and pulse frequency. The voltage and current pulses were recorded 
simultaneously using a dual trace oscilloscope connected to a digital plotter. Metal 
erosion was determined by weighing the electrodes before and after the 
experiments. 

4. NEURAL NE'IWORK. MODELING 

Neural networks are based on the working pattern of brain cells or neurons and 
represent models different from those related to physical symbol systems such as 
expert systems where artificial intelligence(AI) features refer to performance 
paradigm of human reasoning. Neural systems are associated with what is called 
brain paradigm of AI methods. Typically the network consists of nodes and arcs, 
each of the nodes or circles modeling a very simplified neuron and arcs treated as 
connections. The nodes compute by responding to its inputs and the weights on the 
concerned arcs by the weighted sum rule. 

Neuron is basic to the operation of neural networks by serving as an 
information processing unit. Fig.2 illustrates the model of a typical neuron. 

Inputs 
from other 
neurons 

Output 

t---~ to other 

L =Weighted- sum of inputs 

F(x)= Activation function 

f (x) =Output function 

Figure 2 Working of Neuron model 

neurons 

The sum of weighted inputs from other neurons is processed based on specified 
threshold or activation and output functions to obtain the output to other neurons. 
The cells activation is determined by an activation function F(x) specifying how the 
input is combined with the current activation value in order to produce the new 
activation value, or activation level. The final output of the cell is on computation 
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by another function, the output function f(x) on its activation level, typically by 
using a sigmoidal transfer function. This output value is further transmitted along 
the weighted outgoing connections as inputs to subsequent neurons. 

Neural nets basically describe mathematical models of information processing 
and provide a method of representing relationships between input and output 
variables quite different from other computer methods with stored programs for 
functional models. The neural method had been chosen in the present study of 
performance of P/M electrodes in EDM since the problem is complex. The EDM 
output variables are not only dependent on pulse characteristics viz. frequency and 
current but also on electrode processing parameters, namely, powder size, 
compaction pressure and sintering temperature. The mathematical model 
formulation is thus difficult. Neural network model based on a typical sample data 
becomes a powerful simulation tool for further analysis regarding the influence of 
changes in parameters of the concerned variables on EDM performance indices, by 
providing reasonable output estimates. . 

Pulse 
Frequency 

Pulse 
Current 

Powder 
Size 

Compaction 
Pressure 

Sintering 
Temperature 

Input layer 
(5neurons) 

Hidden layer 
(4neurons) 

Machining 
Index (MI) 

Electrode 
Performance 
Number (EPN) 

Metal 
Removal (MR) 

Output layer 
(3neurons) 

Figure 3 A multi-layered (5-4-3) back propagation neural network model 

The feed-forward back propagation net is a popular architecture among different 
types of neural networks and finds applications in several areas in engineering. 
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Fig.3 represents a model having 5 neurons in the input layer, 4 neurons in the 
hidden layer and 3 neurons in the output layer. This network is used for analysis in 
the present study. Typically the network is trained for supervised learning with" 
known input vector and output vector pairs to arrive at the arc weights for a 
prescribed error level, often requiring a large number of iterations or cycles of 
computation based on the back propagation algorithm. The backpropagation is a 
learning method that computes an error at each layer and propagates this error 
backward to determine appropriate improvements in weights. 

For training the model, parameters for pulse frequency, pulse current, powder 
size, compaction pressure and sintering temperature have been used as inputs. 
Machining Index (MI) Electrode Performance Number (EPN) and Metal Removal 
(MR) are considered as outputs. A software written in C++ for the back 
propagation method (7) was run on a 486 PC/AT. Totally 15 K cycles of iterations 
were necessary to arrive at the cycle error of 7.78E-05. This session was carried 
out in four stages by modifying the learning rate, momentum and noise factors used 
in the algorithm. The first phase had been for 3.5 K iterations at a learning rate of 
0.5, the second one for 1.5K iterations at a learning rate of 0.1 and the last two for 
10 K iterations at a learning rate of 0.01. The error levels arrived at are 1.8E-
04,1.28E-04,9.70E-05, and finally 7.78 E-05 after the respective phases. 

Table 2 represents the data used for training the network, and the final output 
values obtained. 

Table 2 Data used for training and outJlUt results 

Pulse Pulse Powcle Compaction Sintering 
Frequency Current Size Pressure empemture 

kHz Amp. )Jm MPa oc 

06 10 03 250 900 

10 09 03 625 900 

07 16 75 250 850 

12 10 75 500 850 
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5. SIMULATIONRESULTS 

The neural network model developed is used as a simulation tool to evaluate the 
performance of P/M tool electrodes in EDM by estimating the MI, EPN and MR. 
parameters. Table 3 shows the model output for a study on changes in powder size 
for a compaction pressure of 540 MPa, sintering temperature of 850°C at a pulse 
frequency of8 KHz and pulse current of 10 A. The Table illustrates the use of the 
method to the manufacturing technologist. The model provides output estimates of 
the performance indices based on specified input parameters for further analysis. 
The model possesses potential for process monitoring, adaptive control as well as 
optimisation of electrode processing parameters. The results imply that the EDM 
performance is not only dependent on electrical pulse characateristics but also to a 
large extent on the electrode processing parameters. The model proves to be an 
appropriate tool for analysing the complex phenomena encountered in EDM 
involving a number of significant variables. 

Table 3 Model-estimates at different levels of J)Owder size 

Powder MR Size 
pm MI EPN mg 

15 91.4 6.41 98.36 

30 66.9 6.83 96,99 

45 47.8 7.09 95.44 

65 35.6 7.36 94.31 

6. CONCLUSIONS 

A multi-layered feed-forward back propagation neural network bas been used to 
construct a model of Electrical Discharge Machining incorporating electrode 
manufacturing process parameters. The study illustrates that the network model 
can effectively map different process variables to machining performance of P/M 
electrodes in terms of machining index, electrode performance number and metal 
removal and be used as a simulation tool for further analysis and optimisation. The 
results endorse the application of P/M electrodes in EDM and the dependence of 
P/M processing variables on its performance. 
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Abstract 
Computer usage in the ceramic dinnerware industry bas largely been confined to word 
processing, spreadsheets, database, payroll, inventory and statistical process control. 
CAD/CAM or Computer Aided Design and Computer Aided Manufacturing is slowly 
gaining ground in this industry. The relatively high speed of generating physical 
designs from conceptualization using CAD/CAM and Rapid Prototyping has suggested 
their use for the decoration of ceramic dinnerware. A CAD/CAM system developed 
for the design and manufacture of patterns to be decorated on ceramic dinnerware is 
described in this paper. 

An industrial case study featuring ceramic dinnerware prototypes is carried 
out and presented to illustrate the various advantages. These advantages include 
significant time and cost savings. It also avoids the heavy reliance on traditional 
practices, and the experience and skills of craftsmen. The major contribution of the 
research is an innovative approach from art to part or, from conceptualization to 
realization, for the decoration of ceramic dinnerware. The solution of 3 Dimensional 
decoration and application of rapid prototyping are also described. 

Keywords 
Ceramic dinner, rapid prototyping, rapid manufacturing, CAD/CAM, craftsmen 
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1 INTRODUCTION 

There are presently several commercially-available software systems for 
product design for a particular range of industries which include ceramic 
tableware (Chua, et. al., 1993), glassware, bottle making, both plastic and 
glass, jewelry (Lee, et.al., 1992), packaging, food processing, for molded 
products and products produced from forming rolls, coins and badges, 
and embossing rollers. All of these industries share a common problem: 
most of their products have elements of complex engraving or low relief 
on them. Traditionally, such work is carried out by skilled engravers 
either in-house, or more often by a third-party sub-contractor, working 
from 2D artwork. This process is costly, open to unwanted 
misinterpretation of the design by the engraver and most importantly, 
lengthens the time of the design cycle. 

The CAD/CAM revolution has boosted the production and the 
performance of many industries everywhere for the past 15 years. 
However, its applications in the above industries are still at their infancy 
stage. Prototyping is still very much a manual process, which relies 
largely on the skills of an experienced craftsman who uses handtools such 
as a small chisel to carve and shape the model out of a plaster block. 
Little attention has been focused on the use of quick and accurate rapid 
prototyping equipment for building prototypes in this industry. 

The use of CAD/CAM and Rapid Prototyping (RP) technologies 
such as Stereolithography Apparatus (SLA) and Laminated Object 
Manufacturing (LOM) reduces the time required for design modifications 
and improvement of prototypes. The steps involved in the art to part 
process are described in the following sections. 

2 SCANNING OF ARTWORK 

The function of scanning software is to automatically or semi
automatically create a 2D image from 2D artwork. It would normally be 
applied in cases where it would be too complicated and time consuming 
to model the part from a drawing using existing CAD techniques. 

The 2D artwork is first read into ArtCAM, the CAD/CAM system 
used for the project, using a Sharp JX A4 scanner. Figure 1 shows the 
2D artwork of a floral design, which has been generated using the 
circular adaptation, routinely. This combination of hardware and 
software allows for the direct production of a standard image from the 
artwork, which can be read directly into ArtCAM. The 2D artwork in 
such instances represents the designs to be used on the face of tableware 
item such as a dinner plate. 
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Figure 1 2D artwork. 

In the ArtCAM environment, the scanned image is first reduced 
from a color image to a monochrome image with the fully automatic 
"Gary Scale" function . Alternatively, the number of colors in the image 
can be reduced using the "Reduce Color" function. A color palette is 
provided for color selection and the various areas of the images are 
colored either using different sizes/types of brushes or the automatic 
flood fills function. 

3 GENERATION OF SURF ACES 

The shape of a dinnerware is modeled to the required dimensions in the 
CAD system for model building. A triangular mesh file is produced 
automatically from the 3D model. This is used as a base onto which the 
relief data is wrapped and later combined with the relief model to form 
the finished part. 

4 GENERATION OF 3D DECORATION RELIEFS 

The next stage in creating the 3D-decoration relief is to assign each color 
in the image a shape profile. There are various fields which control the 
shape profile of the selected colored region, namely, the overall general 
shape for the region, the curvatures of the profile (convex or concave), 
the maximum height, base height, angle and scale. 

There are three possibilities for the overall general shape; a plane 
shape profile will appear completely flat, whereas a round shape profile 
will have a rounded cross section and lastly, the square shape profile will 
have straight angled sides. For each of these shapes, there is an option to 
define the profile as either convex or concave. 

The square and round profiles can be given a maximum height. 
If the specified shape reaches this height, it will 'plateau' out at this 
height giving in effect a flat region with rounded or angled corners, 
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depending on whether a round or square shape was selected for the 
overall profile respectively. 

The overall profile height which covers the respective region can 
be controlled by specifying the required angle of the profile which 
represents the tangent angle of the curve at the edge of the region. An 
alternative to control the overall profile height is to use the 'scale' 
function to flatten out or elevate the height of the shape profile. The 
relief detail can be examined in a dynamic Graphic Window within the 
ArtCAM environment itself. Figure 2 illustrates the 3D-decoration relief 
of an artwork. 

Figure 2 3D-decoration relieves of an artwork . 

5 WRAPPING OF RELIEFS ON SURF ACES 

The 3D-decoration relief is next wrapped onto the triangular mesh file 
generated from the tableware plate surfaces using the command Wrap. 
This is a true surface wrap and not a simple projection. The wrapped 
relief is also converted into triangular mesh. The triangular mesh files 
can be used to produce 3D model suitable for color shading and 
machining. The two sets of triangular mesh files, of the relief and the 
coin shape, are automatically combined. The resultant model file can be 
color-shaded (see figure 3) and used by the SLA to build the prototype. 

Figure 3 Color-shaded resultant model file. 
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6 CONVERTING TRIANGULAR MESH FILES TO AN STL 
FILE 

The STL format is originated by 3D System Inc. as the input format to 
the SLA, and has since been accepted as the de facto standard of input 
for Rapid Prototyping systems. Upon conversion to STL, the object's 
surfaces are triangulated, which means that the STL format essentially 
consists of a description of inter-joining triangles that enclose the object's 
volume. The triangular mesh files are also triangulated surfaces, 
however, of a slightly different format. Therefore, an interface program 
written in Turbo-C language is developed for the purpose of conversion. 
The converted triangular file adheres to the standard STL format. It has 
the capability of handling triangular files of huge memory size. 

7 BUILDING OF MODEL BY RAPID PROTOTYPING 
METHODS 

Many computer-aided manufacturing methods are available such as CNC 
machining and rapid prototyping (RP) methods. However, for complex 
3D shapes, the CNC machining will be disadvantaged when compared to 
RP. Coupled with complex engineering relieves where a large amount of 
removal is required and yet the machining cutter diameter must be small 
to reach those small intricate relieves, rapid prototyping has a definite 
edge. Rapid prototyping, though, has the disadvantage of limited 
materials. If, however, given a restricted material type, the functions and 
applications - design, engineering and manufacturing (or tooling) - can 
still be carried out, then rapid prototyping would have proved its 
usefulness and relevance. 

While many RP methods are available commercially (Chua, 
1997), the world's top two selling RP machines are used in the study. 
They are the SLA (number I) and LOM. The SLA has the advantages of 
being a pioneer and a proven technology with many excellent case studies 
available. It is also advantageous to use in tableware design as the 
material is translucent and thus, it allows designers to view the internal 
structure and details of tableware items like tea pot and gravy bowls. On 
the other hand, the use of LOM has also its own distinct advantages. Its 
material cost is much lower and because it does not need support in its 
process (unlike the SLA), it saves a lot of time in both pre-processing 
(deciding where and what supports to use) and postprocessing (removing 
the supports). The use of both systems allows the evaluation of both 
systems for ceramic tableware. The main criteria for evaluation are speed 
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(time for pre-processing, building and postprocessing), accuracy and 
surface finish, and suitability for tooling applications. 

7.1 Using the SLA 

Californian company 3D System Inc., pioneered the RP technology when 
they released their commercial RP system in December 1988 - the SLA-
250 model of their Stereolithography Apparatus (SLA). Stereolithography 
technology was first developed by Chuck Hall, 3D's founding president, 
in 1982. Stereolithography works by using a low-power Helium
Cadmium laser or an Argon laser to scan the surface of a vat of liquid 
photopolymer which solidifies when struck by a laser beam. The dinner 
plate design with its floral relieves is built using the SLA and the resin 
model is shown in figure 4. 

Figure 4 Dinner plate design built using the SLA. 

7.2 Using the LOM 

Helisys, Inc. was founded in 1985 with a charter to provide state-of-the-art, three
dimensional modeling capability to a wide range of industrial applications. Early 
R&D activities were financed in large part by DARPA grants, resulting in the 
development of the Laminated Object Manufacturing (LOM) process. Helisys 
introduced the LOM machines in 1991. The dinner plate design with its floral 
reliefs are built using the LOM and the paper model is shown in figure 5. 

Figure S Dinner plate design built using the LOM. 
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8 EVALUATION OF THE SLA'S AND LOM'S MODELS 
AND PROCESSES 

8.1 Technical evaluation 

Technical evaluation is done through the execution of a benchmark test. 
The benchmark test piece, in this case the dinner plate, is analyzed 
through some tests including visual inspection and dimensional 
measurement. In general, two types of measurements can be taken 
namely, main (large) measurements and detailed (small) measurements. 

The record of the measurement results is based on the deviations 
of the built part from the CAD model. These deviations of both the main 
and detailed measurements are tabulated for both the SLA and the LOM. 
The record of the time results is based on three components - data 
preparation, building time and postprocessing. The total time is based on 
the addition of the three components. A Table of all four times results 
can be tabulated for both the SLA and the LOM. The time component by 
itself gives one an idea of the length required for a task and directly 
affects the cost factor. Therefore, the time data can become useful for a 
full economic justification and cost analysis. 

The measurements taken are linear dimensions - diameters, 
heights and thicknesses. Two parts of the test piece are considered for 
evaluation. The first part includes the plate's top and base surfaces. The 
second part is the delicate design of the floral patterns which includes the 
flowers, leaves and others. The results are sub-divided into main 
measurements (> 10 mm) and detailed measurements (<= 10 mm). For 
both the readings, the deviations from the actual reading are computed 
and tabulated. The deviations for both the measurements are compared. 

8.2 Results of technical evaluation 

From visual inspection, it is apparent that the floral patterns of the LOM 
part are more distinct and correctly formed than those of the SLA part. 
Even under close examination, the flowers, leaves and stems on the SLA 
model are indistinguishable. As the focus of the research is on the 3D 
decoration, this means that the LOM model meets the requirements 
whereas the SLA model does not. Tables 1 and 2 list the measurements 
taken and their deviations from the nominal values. The Cs (diameters) 
and Ts (thicknesses) are taken with a vernier caliper and the Hs (heights) 
a height gauge. 

The reason for taking two values each of the diameter, for 
example, Cl and C2 is for the purpose of establishing the circularity of 
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the plate. For the same reason, two values of the height H1 and H2 are 
taken as seen in Table 1. Similarly, in Table 2, several values of the 
plate thickness are taken off different parts of the plate. The results show 
that LOM displayed better accuracies or lower deviations as compared to 
the SLA for most of the main measurements and all of the detailed 
measurements. In particular, the T values for the LOM model are very 
consistent, unlike those of the SLA model. 

Table 1 Main measurements (> 10mm) of the 2 benchmark test pieces 

Main Measurements 
Design Dimensions Measurements (mm) Deviations (mm) 

mm) SLA LOM SLA LOM 
Top C1 186 187.00 185.62 1.00 -0.38 

Surface C2 186 186.78 185.72 0.78 0.38 
of C3 130 129.65 129.28 -0.35 -0.72 

Dinner C4 130 129.63 129.01 -0.37 -0.99 
Plate H1 27 27.58 27.05 0.58 0.05 

H2 27 27.62 26.95 0.62 -0.05 
Base C5 82 82.32 82.29 0.32 0.29 

Surface C6 82 82.56 82.31 0.56 0.31 
of Dinner H3 18 18.69 18.56 0.69 0.56 

Plate H4 18 19.06 18.71 1.06 0.71 

Table l Detailed measurements (<lOmm) of the 2 benchmark test pieces 

Detailed Measurements 
Design Dimensions (mm) Measurements (mm) Deviations (mm) 

SLA LOM SLA LOM 
Base Tl 4.00 4.87 4.51 0.87 0.51 

Surface T2 4.00 4.85 4.48 0.85 0.48 
of T3 4.00 3.29 3.99 -0.71 -0.01 

Dinner T4 4.00 3.19 3.95 -0.81 -0.05 
Plate H5 3.50 3.21 3.58 -0.29 0.08 

H6 3.50 3.28 3.59 -0.22 0.09 
Floral Flowers Not Dis-

Patterns Leaves distin- tinctly NA 
on Stems guish- repro-

Plate Others able duced 
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8.3 Eeonomieal evaluation and other considerations 

Besides technical evaluation, economical evaluation is also important. 
The cost of a machine or a part made by the machine is an important 
factor. Compared to SLA, the LOM is a much cheaper machine, at about 
US$100,000 cheaper. In addition, the material cost of paper used by the 
LOM is cheaper than the photosensitive polymer used by SLA. In fact, 
amongst all commercial rapid prototyping systems, the LOM has probably 
the lowest material cost. 

In terms of the speed of processing and building a part, it is 
typical to categorize into: Pre-processing, Building and Postprocessing 
times. Pre-processing time is the time taken to prepare, verify and 
correct the data file (usually an STL file), as well as the time taken to 
specify slicing and building parameters and setup the machine for 
building. Building time is strictly the time taken for the machine to build 
the part from beginning to end. Finally, postprocessing is taken to 
include all activities after building. For example, activities such as 
removal of excess resin, cleaning using solvent, removal of supports, 
posturing, etc., are required for the SLA model. For the LOM process, it 
means removing all the excess wood/paper which can be fairly tedious 
because care is needed not to damage the part. 

Table 3 shows the results obtained from the building of the 
dinner plate model. In all categories, the LOM takes longer than the 
SLA. However, the difference is not very significant. Thus, though in 
terms of the labor cost, the SLA will cost less, the higher cost of the SLA 
and its photosensitive resin make it more economical to use the LOM. 
This is also confirmed by service bureau sources in Singapore and 
Germany, where the typical charge for a SLA model is 1 Y2 - 2 times more 
costly than a LOM model for the same part. 

Table 3 Results of processing times for the SLA and LOM models 

Times SLA LOM 
Pre-processing 0.5 hours 5 minutes 
Building 15.5 hours 18 hours 
Postprocessing 2 hours 4 hours 
Total 18 hours 22 hours and 5 minutes 

Other advantages associated with the LOM process includes the 
fact that it is clean and can operate in an office environment. Material 
used such as paper need not be shielded from sunlight and does not have 
an objection smell. Finally, supports are not required in the process, 
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making it less constrained in the decision process of orientating a part for 
building. 

9 CONCLUSION 

The research and development work carried out indicates that a tableware 
designer can use CADCAM for the decoration of tableware items by 
molded or incised decoration. Patterns are 3-dimensional (3D) and lie on 
the surface of a 3D-tableware item. Using commercial relief creation 
software, the 3D patterns are generated and mapped onto an already 
modeled tableware item such as dinner plate. Experiments using rapid 
prototyping (RP) technology have proven to be successful. Amongst the 
many RP methods, the SLA and LOM were used for the trials. From the 
results and based on technical and economical evaluation, the LOM was 
chosen for its better performance and affordability. 
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Abstract 
This paper describes an ongoing research project, funded by the EC, Esprit 
program. aiming at developing a "workbench" for the computer-aided design of 
manufacturing systems. The system provides an user-friendly and powerful 
environment in which tools supporting the conception, design and evaluation of 
manufacturing systems will be integrated in a common framework. The workbench 
has its foundation on a descriptive method of the domain of manufacturing systems 
(based on the object-oriented methodology), enabling the description of all the 
aspects of a generic manufacturing system. The paper gives a general overview on 
the project: after a short introduction on the drawbacks of the current IT tools 
supporting the manufacturing system engineering process, the logical architecture 
of the software workbench is presented; then the expected benefits arising from the 
employment of the system are underlined. 
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1 INTRODUCTION 

Manufacturing systems engineering (MSE) is a recently recognized 
multidisciplinmy engineering function covering all traditional fonns of engineering 
concerned with production: it ranges from design of manufacturing systems, to 
logistics design, to flow control philosophy selection, to production organization. 
Recently the need for frequent restructuring of manufacturing systems and for 
faster new product-to-market cycles is calling for MSE process optimization. 
Really today the manufacturing system engineering process is still poorly 
formalized and requires relevant effort and time for the production engineer to deal 
with, while speed, accuracy, co-ordination and integration of this activity with 
other business processes could have dramatic impact on overall company 
perfonnances. An interesting survey, conducted in the UK (Devereux eta/., 1994) 
over a sample of 50 organizations, discovered that only about half of the sample 
actually uses a formal, structured method when restructuring their operations, 
mainly a method developed in-house, then concluding that there is no existing 
single widespread design method currently in common use. 
The survey also revealed that there is a widespread usage of some tools and 
techniques in the design process. Due to the multidisciplinary nature of MSE, 
available tools come from different disciplines: i.e. from manufacturing teclmology 
(such as group technology and production flow analysis), from operations research 
(such as queue theocy or scheduling algorithms), from system tlteocy (such as Petri 
nets and control theory) and from computer science (ranging from simulation 
software, to concurrent progranuning techniques, to simple tools such as 
spreadsheets). 
So while in the product design area CAD/CAM/CAE technologies provide 
powerful and comprehensive support to the design process, and in the production 
management area a lot of IT tools are supporting the production planning process, 
a lack does exist in the MSE area where it is not available a single approach yet, 
offering a complete framework (a "platform") to handle the brain intensive work of 
design for a modem manufacturing system. At a large extent, the MSE process 
continues to be left to the intuitive judgment of the production managers' mind. In 
the meantime, production decentralization and internationalization of enterprises, 
involving remote plants and distributed engineering offices, all stress the 
importance of a standardized and integrated approach to the MSE process. Last but 
not least, the absence of a MSE platform means the lack of a method to store in a 
suitable manner data on manufacturing systems architecture, entailing a missing 
link between product design and production management processes (while these 
processes structurally share a great amount of data with the MSE process). 
In this context, an integrated system enabling the management of all relevant 
information and knowledge associated with the manufacturing system design is 
needed. 
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1.1 Related work 

Ongoing projects, strictly related to this research subject are briefly outlined 
herewith. 
In the USA, at the National Institute of Standards and Technology (NIST), work on 
'Computer-Aided Manufacturing System Engineering' is underway since 1992. The 
NIST project is aimed "at advancing the development of software environments 
and tools for the design and engineering of manufacturing systems"; such an 
environment "will improve the productivity of manufacturing/industrial engineers", 
who would use it "to design and implement future manufacturing systems and 
subsystems" (Me Lean, 1993). 
At the Oklahoma State University an underway project, funded by National 
Science Foundation. involves the conceptualization and development of an 
integrated, object-oriented modeling and analysis environment for aiding 
manufacturing engineers in the detailed design and rapid configuration of discrete 
part manufacturing systems. The environment should provide the integration of a 
variety of appropriate analysis and optimization tools which lye in different 
domains (Mize eta/., 1992). 
At the Ohio University, a research team has designed a virtual environment for 
manufacturing systems design, integrating the many existing manufacturing 
systems design tools; the suggested architecture for the Integrated Manufacturing 
Systems Design (IMDE) co-ordinates the design and modeling on familiar design 
tools, thanks to a unified meta-model (UDMM), containing the entities and 
relationships commonly shared among the tools included within the environment 
(Koonce et al., 1996). 
Although the basic principle addressed by these projects, i.e. to provide some kind 
of support to the designer of manufacturing system, is basically the same, the 
projects present different focuses: the IMDE project focuses on communication 
mechanisms among the different manufacturing systems design tools, able to 
facilitate the sharing and exchange of information between them and ensure the 
consistency and coherence among the different data models; the project, developed 
at the Oklahoma State University, focuses on tlte kernel of the system, an object
oriented modeling environment that emphasizes model reusability; the NIST 
project addresses ambitiously a more global environment, that includes tools not 
strictly related to the manufacturing system design, like hazardous analysis, budget 
planning, benchmarking tools and so on, focusing on the technical issues and 
incompatibilities which hinder the interaction between commercial software 
packages. 
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2 SYSTEM ISSUES 

2.1 Modeling and re-engineering of the MSE process 

The objective to enhance production engineer's work productivity can be achieved 
by re-engineering the manufacturing systems engineering process, through the use 
of a suitable computer-aided software workbench. Therefore the manufacturing 
systems engineering process has to be examined, according to a model-based 
approach: sub-processes must be identified and each sub-process has to be 
modeled in terms of input-output specifications (Spur et al., 1996). This kind of 
analysis leads to the identification of main process weaknesses and to the proposal 
of a re-engineered MSE process when supported by a computer-aided workbench: 
these requirements lead to the definition of tools and models necessary to support 
the designer in the MSE process. 

2.2 Formal representation of manufacturing systems 

As widely described in the following sections, in order to effectively support the 
designer in the manufacturing systems engineering process, many tools and models 
were identified. In fact, during the design process several models are developed; all 
these models are abstractions (with different objectives and at different levels of 
detail) of the same reality: the manufacturing system under design. The idea is that, 
through an analysis of the manufacturing systems domain, it is possible to identify 
the building blocks of a generic system, which can be used to build these models. 
From this consideration, the need to develop a descriptive method of the domain of 
manufacturing systems, which enables the definition of a structure of objects 
(building blocks) describing a generic manufacturing system, becomes evident. So 
a fonnal method to describe all relevant aspects of a generic manufacturing system 
is necessary. This descriptive method can also provide the semantic unification 
necessary for the sharing of information among the different tools/models that have 
to be integmted. 

The concept of 'manufacturing entity structure ' 
The descriptive method we propose allows to define a structured representation of 
the domain of manufacturing systems (that we call manufacturing entity structure, 
MES), i.e. an unifying abstraction enabling the management of all relevant 
information and knowledge associated with the process of manufacturing systems 
design. In other words it can be considered as a metamodel of the manufacturing 
systems domain: it contains not only the type of entities, i.e. the building blocks of 
the models. but also the relationships among the entities; it specifies the format for 
the entities. the attributes and the relations it contains, defining a standardized data 
format for manufacturing systems description. 
The descriptive method defmes three different aspects of a manufacturing system: 
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1. the structural aspect: it contains the structural (static) definition of the system 
including workers. production facilities (including tools. jigs and fixtures), material 
handling equipment and other supplementary devices; 
2. the technological aspect: it defines the transformational (functional) view of the 
system, considering the conversion process of the factors of production; 
3. the management aspect defines the operating procedures of production, 
constituting the so-called management cycle, i.e. planning, implementation and 
control. 
Each aspect only captures some features of the manufacturing system reality, 
whereas the whole system is exhaustively described by putting the three aspects 
together. The manufacturing entity structure contains the building blocks for the 
modeling of all the three aspects above explained. 
As regards the implementation of the descriptive method, the object-oriented 
approach presents characteristics that make it particularly suitable to meet the 
requirements of the manufacturing entity structure, as already discussed in detail 
previously (Bartolotta and Garetti, 1996). In fact, the object-oriented paradigm 
provides an excellent approach to manage and express complex systems: the 
concepts of encapsulation and inheritance provide the object-oriented approach 
with characteristics of flexibility, realistic view, extensibility and reusability, all 
characteristics necessary for the descriptive method of the manufacturing systems. 

3 THE SYSTEM LOGICAL ARClllTECTURE 

In figure 1, the software architecture of a workbench implementing the descriptive 
method is reported. It is mainly a logical architecture: apart from the interfaces to 
external system (in particular CAD and simulation), the kernel of the system, 
named CAMSE (Computer-Aided Manufacturing Systems Engineering), accessed 
through the user interface, contains a series of logical modules corresponding to 
the functionalities provided by the system. Accordingly the system logical 
architecture should be seen as a set of tools the designer will freely use in h.is 
activity. Let's illustrate tllis picture considering tlte involved data structures first 
and the logical modules performing tlte various functions afterwards. 



Design issues of an integrated software workbench 325 

I CAD I I SIM!KATilN I 
CAD II SINIKATilN 

INTERFACE IHTEIFACE 

~ .. "' 
DESIGN ~ 

IMBU I 
t--.. ) 

WALUAnoH 

I I II llll~=CE ~ ...... MSM 
f-

UnMATi AND 

I I COHTIIOl OJI. COlli MES 

I'UOIITON '-. /' 
IYS 1QII DATA 

SJOf\AGI: AND I'ETIUVAl 
Of COW'OHDIJI 

I nc I INTERFACE 

l T~) 
Figure 1 The system logical architecture 

3.1 Data structures 

Two different data structures have been depicted in the logical architecture: the 
system database, internal to the architecture, and the technical information 
catalogue, external to the system. 

System database 
The persistent part of the database stores the manufacturing entity structure 
(MES), i.e. all the building blocks, to build the different models of any 
manufacturing system, while the temporary part of the database contains the 
models, called manufacturing system models (MSM), built during the design 
process instancing the classes contained in the MES. 
In spite of this distinction between temporary and permanent part within the 
system database, the designer has the possibility to enrich the object structure of 
the database, during the operative use of the system, both with basic objects, called 
components, not included in the MES, and with composite objects, called 
subsystems, which are aggregates of basic objects particularly frequent within a 
specific industry. 

Technical Information Catalogue 
An archive of information on manufacturing systems, subsystems and components 
stored in different formats, as an electronic format, or as a pointer to traditional 
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archives (folders, :floppy disks, etc.) is provided as a consulting support for the 
plant engineer. 

3.1 Lozjcal modules 

The following is the list of main modules obtained identifying the needs of MSE. 

A. Design 
Within the design module, the following modules are established: 
• a system flow analysis (SF A) module, that, starting from data on products to be 

manu13ctured in the production system (production mix, bills of material and 
process plans), will allow the generation of the model of the production flow 
within the manufacturing system, that we will call system flow model; 

• a model building and updating (MBU) module supporting the designer in the 
construction of the manufacturing system models by properly selecting objects 
from the MES and setting their links. 

B. Storage and retrieval of Components 
This module is necessmy to store and retrieve information about manufacturing 
systems, subsystems, components. This module must provide the designer with the 
possibility to customize for a specific industry the content of the databases, 
foreseeing the possibility to add new classes (both components and subsystems) at 
the MES or new links to documents. 

C. Evaluation of Manufacturing systems Models. 
This module must allow the interfacing to external systems, like queue theory or 
simulation tools, able to evaluate the performances of the manufacturing system 
models. 

D. Estimate and control of plant costs 
Such a module must allow to estimate the costs of the designed production system. 

E. Report on System Data. 
This module is necessary to make information available as input data external 
systems (procurement, detailed design. etc.). 

4 TilE REVISED MSE PROCESS 

Before describing how the design process can be performed through the use of the 
proposed workbench, it should be cleared that it doesn't mean to provide the 
designer with a rigid methodology for manufacturing system design, due to the 
consideration that the methodologies followed in each company can be very 
different and proprietary, but the workbench must offer a framework supporting 
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the design activity, i.e. a logical route the designer can follow during the design 
activity. 

l! 
~ ~ 8 • !? ~ 

System Flow Model Systei Logical View Queue Theory 

I m I 
0 O~CJ·CJ~ '--+ o e o 

c e o c:::J lkl 
Rough Layout View S1mulat1on 

Figure 2 General description of the MSE process supported by the proposed 
software workbench 

Within the workbench environment, the manufacturing systems design process is 
seen as carried out in some steps, in which several models, more and more 
detailed, of the manufacturing system are generated and evaluated and a satisfying 
solution is identified through an iterative process (see fig. 2). 
In particular two different type of models are foreseen: 
• system flow model (SFM): it will model the production flows, generated on the 

basis of data on production mix, bills of material and process plans of products 
to manufacture/assemble, giving information about the required production 
capacity for each kind of required resource and on the quantity of material flow 
linking production resources; 

• manufacturing system model (MSM): it is the object model of the 
manufacturing system, of which two different views are foreseen: i) the system 
logical view (SL V), representing the logical view of the manufacturing system 
model in terms of logical objects and relationships among them (described by 
choosing symbolic icons representing specific machines, handling systems and 
other plant elements from the "catalogue" of objects corresponding to different 
plant components, technological and management methods); ii) the rough 
layout view (RL V) representing the physical view of the manufacturing system, 
obtained through the embedding to the logical view of further data for layout 
drawing. 

Once the manufacturing system model is defined, its performances shall be 
evaluated through the link to extemal computer tools, like queue theory and 
simulation. On the basis of the results coming from their evaluation, the models 
will be modified and refined, until a satisfying solution is obtained. 
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5 EXPECTED BENEFITS 

After having outlined the architecture and the functionalities of the proposed 
approach, that we are suggesting for the design of manufacturing systems, let's 
describe the expected benefits: 
• reduction of the effort of creating and evaluating the model of a manufacturing 

system: a large library of reusable components and subsystems could be created 
for configuring plant models at different levels of detail for specific purposes, 
then plant configuration could be developed by properly selecting previously 
stored objects from library; 

• enforcement of standardization in manufacturing system design: the 
knowledge-base of the software workbench could be used for urging the 
designer to choose standard components during the project development; 

• enhancement of coherence and co-ordination among different engineering 
teams, whether they are dislocated in different geographical sites (multi-site 
design), or they are working, in a design site, on modules of the same 
manufacturing system: in fact, referring to a common database, every design 
team could be easily acquainted with the ongoing projects developed by other 
teams; 

• minimization of the retro-fitting and fine tuning associated with implementation 
of a manufacturing system: the possibility of carrying out a fast computer-aided 
analysis and evaluation of a designer idea could entail presumably a better
quality solution; it's then foreseeable that failures occurring during the phase of 
start-up/runtime of a manufacturing system (up to 100 times more expensive to 
correct once a system is installed) could be significantly reduced,· 

• reduction of the time spent in re-design and reconfiguration of manufacturing 
systems: once made the one-time strain of creating the initial base model of a 
manufacturing system, tl1e incremental effort to make a change in the current 
plant, such as the introduction of a new machine, could be slight, thank to the 
possibility to utilize and update the model previously stored; 

• reduction of inconsistency and redundancy of manufacturing system data: 
during the development of the manufacturing system engineering process, the 
same common base representation could be employed by different modeling 
tools; 

• encouragement of production engineers in the direct use of modeling/analysis 
tools: the software workbench could provide the access to model utilization by 
designers, who typically aren't modeling specialists, but have a very good 
knowledge of the manufacturing system to be analyzed; 

• enhancement of integration between product design and production 
management tools: information on product details and routing could stem 
directly from CAD/CAM/CAPP packages; while plant data, such as machine 
type, machine throughput, buffer dimensions, could be automatically forwarded 
into production planning packages (i.e. master production schedule, material 
requirements planning, short term scheduling). 
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Abstract 

This paper describes a Web-based simulation using three-dimensional models for 
manufacturing and material handling. The goal of this study is to construct a 
simulation environment that builds a virtual machine representing real equipment 
and a virtual factory collecting the virtual machine through a global communication 
network and executes them. This simulation environment is called World Wide 
Simulation Environment(WISE). The simulation environment is built with a new 
object-oriented language and architecture. 

In this paper, arguments about simulation in manufacturing are clarified in order to 
identify requirements for next-generation manufacturing simulation systems. Then, 
models that meet the requirements of this concept are reviewed and, where suitable, 
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ue proposed for WISE. Furthermore, a system for demonstrating a Web-based 
virtual manufacturing simulator system is described in order to verify the operability 
of the system. 

Keywords 
WWW(World Wide Web), simulation, object oriented technology, product model, 
INTERNET 

1 INTRODUCTION 

Under increasingly competitive conditions in manufacturing sector, process 
engineering requires drastic improvements in all process. Simulation-based design 
is a new approach which, at the design stage, aims at developing a new environment 
for design, creation and operation of virtual and real products and process, focused 
on increasing real product value and reducing life cycle cost. 

The main object of such a manufacturing simulation is a virtual environment which 
can provide support, information and control during all parts of the production 
cycle. Furthermore, this environment has to support internationalization and 
decentralization of the design and production activities, and simulation technology 
is very effective tool for this purpose. On the other hand, the tool is not good enough 
to support all parts of all production process. Therefore, to construct the next 
generation manufacturing system, a virtual environment is required that will support 
the life cycle of product, ranging from the planning to production, maintenance and 
reuse. 

The goal of this study is to construct an environment that simulates a virtual 
manufacturing through a global communication network. This simulation 
environment is called the World Wide Simulation Environment(WISE), and it is 
built with a new object-oriented language and architecture called Umbet.1> 

In this project, physically meaningful models or product models with behavior, are 
built in a distributed environment and distributed throughout a network. The models 
are made to represent the function, behavior, and performance of real parts and 
manufacturing equipment ( such as robots, NC machines, AGVs, AS/RS, 
controllers, sensors) and human beings, by giving behaviors to three dimensional 
CAD models which represent real parts and equipment and correspond to the 
"behavioral product catalogs" of real equipment. 
Users can thereby collect such pieces of equipment through a wide-area network 
and construct a manufacturing system. Since the physical model through the 
communication networks is simulated as a virtual machine representing a real 
equipment, so that a virtual plant built on such a network represents a real 
manufacturing plant and can be utilized to control an actual factory. The virtual 
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factory can communicate through a network and support collaborative engineering 
among the enterprises and facilities distributed worldwide. So, We call this 
environment as WISE. 

2 WISE MODEL AND FUNDAMENTAL STUCTURE 

2.1 WISE ARCHITECTURE. 

Supplier A 
Ob~ct a 
ex. Robot 

Object: 

1) 3D-CG 
• CAD Model 

2) Program 
• Instruction Module 
• Behavioral Module 

3) Parametric Menu 
• User 110 
• System Interlock 110 

4) Document 

Figurel World Wide Simulation Environment(WISE) Architecture 

The WISE networking based simulation architecture is shown in Figure 1. The 
system has to distribute electronic catalogs to the client side where factory product 
engineer can construct a virtual factory in client-sever environment via INTERNET. 
The communication environment can transfer the WISE model by designating the 
URL address in the WWW browser based on the HTTP protocol. The WISE model 
is constructed as an integrated file which is taken in by designating the URL address 
and constructed by a three-dimensional model, the objects oriented program 
showing it's behavior and HTML multi-documents for GUI. In such a virtual factory 
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construction environment, a factory engineer can execute the simulation by 
communicating via HTML multi-documents after acquiring the electric catalog 
through the INTERNET. 
This simulation environment is investigated from the language to application level 
using Intlorescence, Inc.'s Umbel. 

2.2 STANDARD MODEL OF WISE 

The Basic requirements necessary for WISE model are defined below 

(1) Configuration of simulation model 

a) Basic WISE model requirements 

Software language environment requires: 
• The creation of a three dimensional model in order to represent the product model 

of each machine. 
• Hierarchical programming, which is handled as a unit, and creating a new 

program combining the existing program, and the object oriented language which 
can create a reusable object encapsulating data and function. 

• A concurrent environment with a scheduler function, for control the autonomous 
behavior of each machine object, and the ability to define and communicate by 
signal to control behavior. 

• Intetpreter and compiler language for creating the program flexibly and quickly. 
• Transmission of the electronic catalog via the INTERNET by designating the 

URL address, accessing to the programs on the Web which implement the 
programs in HTML function and execute the simulation using these programs. 

• An animation function that operates while simulation is running to enable the 
products engineer to easily understand the behavior of the virtual machine and 
activity of the virtual factory. 

b) WISE model and its basic configuration 

On the basis of these requirements, a simulation model is proposed that can support 
a plant life cycle from conceptualization to operation. The proposed model is a 
physical model that considers equipment and operations in a real plant from the 
software engineering viewpoint. The proposed model is not abstract mathematical 
model like a stochastic queuing network model in which entities representing 
products flow in a network between nodes which correspond to equipment. 

An example of a detailed robot object for a WISE model consisting of links and 
each servo motor for the links is shown in Figure 2. This equipment class represents 
the physical model of the equipment. For example, if a servo motor is attached to a 
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link, the motor rotates with the link. This robot class consists of the inverse 
kinematics and the synchronized function which represents real behavior. The 
relationship between objects are shown in Figure 3 2> and represent dependency 
between equipment, along with standard job( behavior) and parts. First, equipment 
is conceived as an abstracted model which performs processing with the lapse of 
time. Then, a physical model based on the abstract model is derived. This physical 
model is a three-dimensional model with actual behavior and is branched into robot 
model and so on. In this way, a simulation environment is constructed that is 
consisted through all stage from conceptual design to a detail design reflecting 
actual operational behavior. One of jobs shows the relationship between current jobs 
and next jobs. 

Robot 

Slape: Aay of II* fiauro 
Malar. Aay of .:hlllil molllr 
Number ofllab: 
D-R~..-...> 
Soluliallofiawne~ 
Hame palillaaqle ot..O... 
lady palillaa .... oflllllllln 
IDillll plllillaa oflllllllln 
SbapeofTool 

Pa&:tiaa llllllw die ......... 
S)oclawbied falll:tiaa furmolllr IIIIIIIOD 
._ lll....aflml:daa 
Tllk llll'IIIOViDI 10 ..... pGiiliaG 
Tllk llll'IIIIJViDI 10 bailie plllillaa 
Tllk fur -JasiO lady plllillaa 

Figure2 Robot class Figure3 Relationships between objects 

Each individual object is a primitive object within the whole system. Therefore, 
behavion can be defined as combinations of the methods of these primitive objects. 
In other words, all behavior is expressed by primitive methods in the same manner 
as real equipment is composed of individual components. This is the reverse to of 
complicated behavior being divided into simple behaviors and then further into 
primitive behaviors. In each behavior, signals are embedded in such a way that a 
behavior can cause other behaviors in a chain. A control object can perform 
centralized or parallel control. Consequently: 
• Product model and Sequential behaviors can be defined as 1 :n. 
• Individual behavior can be combined arbitrarily sequences by signals. 
• Each process is started up by signal to drive any objects. 

Here, a process is an aggregate of behavior sequences and shows collaborative 
behavior. As a result, the user can have an environment that allows selection of 
arbitrary behaviors and processes against defined figures, and along with 
immediate execute. 
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3 WWW BROWSER-BASED DEMONSTRATION SYSTEM 

First, Robots, NC machines and AGV are constructed as each electronic catalog to 
simulate a factory. Next, a factory cell is constructed in local site after loading each 
electronic catalog, and the behavior of the machine is taught by the product 
engineer, and the simulation of cell is executed. 

Figure 4 The electronic catalog of robot 

The electronic catalog consists of equipment class, behavior programs, three 
dimensional models by Open Inventor, and an input panel for teaching and 
executing behaviors by HTML. It can communicate through INTERNET. 

(1) Robot 
An electronic catalog of the robot with six joints is shown in Figure 4. The input 
panel divides into three areas. 

(a) Definition of acceleration, velocity and deceleration of each servo motor. 
(b) Execution of forward kinematics by setting the target angle. 
(c) Execution of a behavior series solving the inverse kinematics for the target 

position and gripping the target part. 
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Figure S The electronic catalog ofNC machine 

(2) NC machine 
The electronic catalog of a three axis NC machine is shown in Figure 5. The input 
panel divides into two parts. 

(a) Definition of acceleration, velocity, and deceleration of each axis. 
(b) Execution of a behavior series required for cutting a part based on inverse 

kinematics for cutting position on the part. 

(3)AGV 
The input panel is divides into two areas. 

(a) Definition of translation acceleration, velocity, and velocity on the curved 
rail. 

(b) Execution ofbehavior moving on guided path. 
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(4) FA cell simulation 
The FA cell is constructed by robot, NC machine and AGV electronic catalogs. In 
this process a product engineer constructs an FA cell after evaluating the 
performance of each machine using the electronic catalog for each piece of 
equipment First, the product engineer loads the file integrating the machine model 
and behavior program of each machine, then teaches the behavior using an HTML 
menu and executes the simulation concurrently. By these process, the virtual 
simulation shown in Figure 6 can execute while taking the real performance of each 
machine and activity of the factory into consideration. 

The simulation sequence shown in Figure 7 represent relationships among dynamic 
behaviors in an expansion ofiDEF33>. The part flow is shown by a doted line, and 
the control signal flow is shown by a solid line. This is representative job flows 
expressed by a chain of behaviors. Such behavior divided into primitive behavior 
elements ( motion). The junction in IDEF3 can be also executed. Each behavior 
represents the autonomous behavior which is encapsulated object with input and 
output control ports. The connection between the input and output ports defmes the 
simulation sequence. All behavior and related signal shows in Figure 8. 

Figure 6 Executing simulation ofF A cell 
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Figure 7 Simulation sequence by IDEF3 

Equipment 1 

Equipment 2 
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Figure 8 Signal interaction among behaviors 

Definition of manufacturing Scenario/Process 

Concurrent process Control using Message among Objects 

(Autonomous Sequential and Central Control ) 

4 CONCLUSION 

A networking based simulation architecture and its configuration for a 
communication model (WISE model ) that can exactly represent real equipment in 
the software is presented. A WWW browser-based FA simulation demonstration 
system is then developed and the workability of the principle demonstrated and 
validated. 

The purpose of the study is to create such an environment that can execute a virtual 
plant simulation in accordance with a scenario through INTERNET. The simulation 
follows a procedure in which the parts or equipment manufacturer provides its own 
WISE model as a "product catalog" that behaves autonomously, and the user 
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collects catalogs and assembles them together to construct an actual plant by using 
interlock signal. Furthermore, the virtual plant itself provides, through 
communication, wide-area collaborative engineering support environment in order 
to support the virtual enterprise. 

At Mitsui Engineering & Shipbuilding Co., Ltd., this concept will be used as the 
next step for the virtual operation training and remote maintenance etc. through 
INTERNET in order to achieve the virtual enterprise. 

Finally, this research and development is being implemented as a part of 
Globman21 project under the umbrella of International IMS program. 

6 REFERENCES 

1) Chris Goad, "A Language-Level Attack on Compositional Simulation" 
http://www.intlor.com/compsim.html 

2) James Rumbaugh, et al.(1991) "Object-Oriented modeling and Design", 
Prentice-Hall International, Inc. 

3) Richard J. Mayer, et al. (1992) "Information Integration For Concurrent 
Engineering(DCE) IDEF3 Process Description Capture Method Report", 
Knowledge Based System, Inc. 

7 BIOGRAPHY 

Kazuo Morita is an Assistant Manager for Advanced Machine & System Div. of 
Mitsui Engineering & Shipbuilding Co., Ltd. He received a Bachelor's degree in 
Mechanical Engineering and a Master of Engineering from Nihon University. He is 
developing a new object oriented simulator for manufacturing and material 
handling. 



31 
A Scenario Simulation Methodology 
for Re-engineering Potential 
Assessment 

J-M Lehtonen, K. Marttila 
Helsinki University ofTechnology, TAl Research Centre 
Po. Box 9555, 02015 Espoo, Finland 
Tel: + 358 9 451 1,fax: + 358 9 451 3665 
email: jmlehto@tuta. hut.fi, kmartti@tuta. hut.fi 

Abstract 
The research objective of this paper is to experiment the applicability of scenario 
simulation methodology in a paper industry distribution problem. The 
methodology proved to be able to assess the re-engineering potential by producing 
quantifiable results for the performance measures. The methodology itself does not 
provide optimal re-engineering actions. Its function is to assess the improvement 
potential of re-engineering actions derived elsewhere. 

Keywords 
Simulation, modeling, logistics 

1 SIMULATION AS A RESEARCH METHOD IN LOGISTICS 

Today, the use of discrete event simulation as a research method is commonplace 
in logistics research. In fact, the importance of simulation can be described by the 
viewpoint that there are three pillars in scientific and technology research; analytic 
methods. experimental methods and numerical simulation (Strandhagen, 1994). 

According to Bowersox (1986), the main advantage of discrete event simulation 
in logistics is that it incorporates the impact of time into performance evaluation. 
Hoover and Peny 0989) view simulation as a powerful problem solving method. 
According to Mott and Tumay ( 1992), simulation is a thorough and economic way 
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to express and evaluate ideas and alternatives before implementation. Simulation, 
however, will provide merely the best answer of the solutions tried and thus it is 
limited in its ability find the "best" answer (Menzer, 1989). 
The popularity of simulation can partly be explained also by the following 
advantages of simulation in logistics research: 
• In comparison to analytical models, it is flexible. You can include details, 

which are impossible with analytical models (Hoover and Perry, 1989). Even in 
simple systems analytical modelling of queuing disciplines and priority rules is 
extremely difficult (Johnsson, 1992) 

• In comparison to the real system, the researcher has control over the other 
variables (Johnsson, 1992). In fact, simulation could be viewed as a test 
laboratory of logistics research. 

• Non-existent systems can also be studied (Hoover and Perry, 1989). 

2 SIMULATION PROJECT MODELS 

A few authors have attempted to give guidelines for carrying out a simulation 
modeling project. Strandhagen (1994) has a summary of the simulation project 
models and he concludes that for many purposes it is convenient to distinguish 
only three major tasks: 
• feeding information into a system 
• running the model 
• exttacting information from the system 

Figure 1 Simulation project models, left:Hoover and Perry, right: Law and 
Kelton. 
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Figure 1 shows two simulation project models by Hoover and Perry (1989) and 
Law and Kelton (1991). Both project models are almost in perfect agreement on 
how to perform simulation study, although Hoover and Perry view the project even 
more iteratively than Law and Kelton. Also Law and Kelton add fmer detail in 
some of the phases than Hoover and Perry. Also Banks & Carlson (1984) give 
similar project guidelines. In the following, the major stages in simulation project 
models are discussed. 

Problem definition 
The problem definition is very important and as Hoover and Perry (1989) put it, 
one is not likely to find good solutions to ill-defined problems. Simulation 
textbooks and literature that cover simulation project, however, give only very 
vague guidelines concerning problem definition. For example, according to Law 
and Kelton (1991) a model should contain only enough detail to capture the 
essence of the system and Mitrani's (1982) advises it is necessary to abstract from 
the real system all those components that are considered important enough for 
inclusion in the model. 

Model definition and data gathering and analyzing 
According to Hoover and Perry (1989), an important part of model definition is to 
define system inputs, that can either be decision variables or given variables and 
outputs. Hoover and Perry ( 1989) advise to first make a conceptual model by either 
drawing a flowchart or by using a state change approach before implementing it 
Defining the model is almost as vaguely covered as problem definition. According 
to Robinson (1994) there is a tendency to want to model everything without 
stopping to consider exactly what is necessary. He advises to include the minimum 
amount of detail to achieve tlte project's objectives. Law and Kelton (1991) advise 
that one should not have more detail in a model than is necessary to address the 
issues of interest 

Validation 
A valid model corresponds to the real system. As Strandhagen (1994) points out, 
no model is ever completely valid corresponding perfectly to the real system. One 
approach, that is shown in Figure 2, to validating a simulation model is to see 
whether the simulation model can produce similar results as tlte real system has 
produced (Hoover and Perry, 1989). Law and Kelton (1991) call this the correlated 
inspection approach. 
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Simulation Perfonn-

/ model ... ance ~ measures 
Similarity? 

~~=.,I ~ Perfonn-... ance 
measures 

Figure 2 Correlated inspection approach to simulation model validation (Hoover 
and Perry, 1989) 

According to Naylor et al. (1966) the ultimate test of a simulation model is the 
degree of accuracy with which it predicts the bebavior of the actual system in the 
future. 

Result analysis and experiments 
A Simulation model as sucb does not give any indication of the possible cbanges 

in order to improve desired logistics system performance measures. There are a 
number of tecbniques for finding improved or optimized values for the decision 
variables tbat are based on probability and statistics tbeory. 
The outcome of a particular stocbastic simulation is a random variable. However, 
the usual independence of errors asswnption of standard statistical methods is 
nonnally not met in a simulation study (Hoover and Perry, 1989). Both serial 
correlation of errors and beteroscedasticity can be present (Hoover and Perry, 
1989). It can be proved (Pindyck and Rubinfeld, 1991) tltat the expected values 
still remain the same but confidence intervals are affected. Another problem is 
when input data is taken from the real figures the data itself is random variable and 
does not represent a true value in the statistical formula meaning (Vaugban, 1996). 
This means tltat the confidence interval of a performance measure represents the 
confidence interval inside tl1at model and not the modeled system. 
In a "what-if' experimental setting we need to decide between different scenarios 
and also estimate their difference. Tltis can be achieved by establishing t11e 
confidence interval of the perfonnance measure in question. The situation becomes 
much more complicated if tlte research objective is to find out how, given a set of 
decision variables, the performance measures could be improved or optimized. 
One possibility to deal witl1 multiple input variables is to apply t11e statistical 
design of experiments approacb. Other possibilities in analyzing the model include 
optimization methods (response surface met11odology) and gradient metl10d (Law 
and Kelton. 1991 ). Goldberg ( 1989) even suggests genetic algorithms for search of 
a local optimum. However, all these methods are ill developed in a non
independent errors environment (Hoover and Perry, 1989). The situation can be 
further complicated when there are more than one performance measure tltat 
cannot be combined into a single measure. 
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Implementation 
Both Hoover and Perry (1989) and Law and Kelton (1991) ambitiously include 
implementation in their simulation project models. Unfortunately, the researcher in 
logistics has no control over the real system and cannot implement any changes. 
Gaining knowledge of systems functioning is less challenging than 
implementation. but still a good enough reason for building the simulation model. 

3 THE SCENARIO SIMULATION METHODOLOGY 

The research objective was to experiment with the applicability of scenario the 
simulation methodology in a paper industry distribution problem. The immediate 
objective was to evaluate the re-engineering potential. For this purpose, the 
scenario simulation methodology was applied. The steps of scenario simulation 
methodology are defined: 
1) Analyze the existing system. If not possible, use interviews and documents. 
2) Arrive at the improvement actions to test. System analysis, existing logistics 

theory and experience will help. 
3) Define model scope and create conceptual model. 
4) Create computer simulation model of the present system, called base case 

model. 
5) Compare the results to the existing system. 
6) Implement the changes to the present model to make it the scenario model. 
7) Assess the improvement potential by comparing the present and scenario model 

results 

The applicability of the scenario simulation methodolgy is experimented in a case 
in the following chapter. At the same time, the steps of the methodology are 
demonstrated during the case. 

4 SIMULATION MODELING CASE 

4.1 The existing system 

The case included three Nordic paper mills that manufactured printing and writing 
papers and newsprint that were delivered in reels cut to customer specific widths at 
the mills. The main markets for all the mills were in Western Europe although mill 
1 had large overseas sales. The mills share a common shipping arrangement to 
Western Europe that is shown in figure 3. The case mills have a customer 
dedicated call-off stock at the port terminal from which deliveries can be made by 
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customer caD-off. This is shown with (B) in figure 3. This port tenninal stock is 
replenished from the paper machines. Mills 1 and 3 manufactured standard grades 
and had no notable production cycle. Mill 2, however, had a three-week
production cycle. The production cycle in the mill 2 was not included in the 
simulation models. 

Paper 
making 

(A) Rrel orders 

Transport 

Figure 3 The logistical chain of the case. 

4.2 The improvement actions to test 

(B)C\Ik)ff 

The problem statement for the simulation study was formulated 

Olstomers 

1) to find out the inventory savings achievable by an alternative transport 
arrangement. 

2) to study the feasibility of make-to-order deliveries instead of having customer 
dedicated caD-off stock at the port terminals. 

4.3 Model scope 

The simulation study was carried out by making five independent one-year 
simulations with both the present model and scenario transport model arrangement. 
The comparisons between the models were made at equal availability levels. 
Customer demand was modeled by 60 customers. Each of the customers had an 
expected demand of 24 tons per day. Twelve customers have a highly variable 
demand, 24 customers have medium demand variance and 24 customers have low 
demand variance. The foreign port tenninal cal1-off inventory replenishment logic 
was reorder point control. Production control logic at each mill was FIFO. The 
mill was shut down when the order book was empty and reopened after there were 
enough orders for a few days· production. Reorder points and replenishment 
quantities for the call-off inventories were set so that a 95% availability level was 
achieved. 
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4.4 Simulation model of the present system 

Mill I~ 
Home 

Mill 2 ___. Tenninal 

Mill3~ 

...... --

Figure 4 Base case logistical system. 

• Terminal 1 __. 

... .-;· •Terminal3 

·ships ~ 
3 and 4 : · • Terminal 4 

. · ~ • Terminal 5 

Figure 4 shows the base case transportation system. Ship 1 serves terminal 1 and 
takes only paper form mill 1. Ship 1 can make a back and forth trip in five days. 
Ships 2 serves terminal 2 and makes a back and forth trip in five days. Ship 3 
makes a seven-day rowtd trip serving terminals 3-5. While the capacity of ship 3 is 
not enough to handle all the volume to terminals 3-5, ship 4 helps by making four 
additional rowtd trips a year. This arrangement is also close to the present 
operating practice. 

Table 1 Base case simulation results 

Inventory (tn) 
Home In-transit Foreign 
terminal Terminal 

Average 4741 4042 24 624 
2.5% 4375 3749 24 202 
97.5% 5106 4334 25 046 

Availability 

94.5% 
94.0% 
95.1% 

Lead time (days) 
Order 1 and 2 Others 
book (tn) 
3590 8.8 11.4 
3357 8.8 11.2 
3824 8.9 11.7 

The base case simulation results are shown in Table 1. The average-row gives the 
average of the five runs. Rows marked 2.5% and 97.5% give the 95% confidence 
interval on the average wtder the assumption that the average is normally 
distributed. 
Availability in the base case was a little wtder the target level of 95 o/o, but the 
target level was inside the 95% confidence interval. Average lead time in the base 
case is 11.4 days to terminals 3-5 and 8.8 days to terminals I and 2. 
The base case inventory in the first simulation TW1 during its last half is shown in 
Figure 5. The total inventory in the base case model was 33 400 tn. 
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Figure 5 Base case inventory in the last half of one of the simulation runs. 

4.5 Scenario model 
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The alternative trnnsport arrangement used in the scenario model is shown in 
figure 6. The number of foreign port terminals is consolidated to three. All the 
remaining terminals are served three times a week. Each of the three ships visits all 
the terminals during each trip. A round trip takes seven days. 

Mill 1 ~ •Term ina! 2 ___. 

........... Home . 
Mill 2 .... T · al AI.! { • Term mal 4 

ermm ~Ips' 
Mi113 ~ ~•TerminalS ____._. 

Figure 6 Scenario logistical system. 

The existing ships do not have enough capacity because some capacity is lost due 
to longer travel time in new systems vs. short terminal 2 trips. This was noticed 
during the first trial of simulating the scenario model. TI1e home tenninal inventory 
increased wildly. When tl1e results were studied further, it was found out that t11e 
ship utilization was 99.9 %. The transport capacity formed a bottleneck in tl1e 
logistical chain. 
Based on the results of the first simulation, the transport capacity needs were 
recalculated. To handle the production capacity of the mills, the smaller ship 1 is 
replaced by a new ship with 1400 tons more capacity. The total shipping capacity 
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then exceeds the total production capacity. The scenario simulation results are 
shown in Table 2. 

Table 2 Scenario simulation results 

Inventory (tn) Lead time 
(days) 

Home In-transit Foreign Avail- Order book All 

··-··-·---te_~--··-··· · ·· ·· · · ·· ··········· ·····.!~.!!!~!~L ...... ~~!!i!L ............ J~>. ......................... ~~.~~·~·· · · · · · · 
Average 1569 4864 17 245 95.4% 3430 7.8 
2.5% 1058 3659 16 707 95.0% 3220 7.7 
97.5% 2080 6069 17 783 95.7% 3640 7.9 

4.6 Assessment of the improvement potential 

Average lead time for the scenario model was 7.8 days. The scenario model 
average lead time reduction to base case terminals 3-5 is 3.6 days or 32 %. A large 
part of the difference is due to the increased shipping frequency from once a week 
to three times a week. For terminal 2 the lead time reduction is less, down only one 
day from 8.8 days or 10 %. The shipping time to terminal 2 remains the same 
because it is the first terminal to be visited during the round trip. The lead time is 
affected also by a little larger base case order book, due to larger replenislunent 
quantities which have a small effect on the average lead time. 

35000 

30000 

25000 

"' 20000 = 0 15000 !-< 

10000 

5000 

0 

.. 

"-'--"' oTerm ina I 
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Figure 7 Scenario inventory in the last half of one of the simulation runs. 

The scenario inventory in the first simulation run during its last half is shown in 
figure 7. The alternative transport arrangement achieves a reduction of 9700 tn or 
almost 30 % reduction in the total inventory when compared to the base case. 
The foreign port terminal inventory reduction in the scenario model is 7400 tn or 
30 % as compared to the base case. Because the lead time is shorter, the 



A methodology for re-engineering potential assessment 349 

replenishment uncertainty and therefore safety stock needed is less. The cycle 
inventory is also decreased because the increased transport frequency in the 
scenario model allowed decreasing the replenishment quantity. 
In the scenario model the home terminal inventory is greatly reduced as compared 
to the base case. A reduction of 3100 tons or 67 % was achieved. As can be seen 
from figures S and 7, the base case home terminal inventory is all the time larger 
than in the scenario model and has more cyclic variation. This is due to two 
reasons. First, the cycle inventory for all destinations is longer because ships leave 
less frequently to all destinations in the base case. Secondly, it sometimes happens 
that tnills produce orders assigned to the same ship thus exceeding the capacity of 
the ship during a short period and forming a home terminal inventory. In the 
scenario model only a small cycle inventory accumulates between the three weekly 
sailings because all the ships visit all tlte tenninals. 
In-transit inventory is slightly increased in the scenario. The transit time to 
terminal 4 in the scenario model is about one day longer than in tenninals 1 and 2. 
The increase in the in-transit inventory is 800 tons or 20 %. 

5 CONCLUSIONS 

The scenario simulation metl10dology was able to assess the improvement 
potential. It produced quantifiable results for the chosen performance measures. It 
also warned of possible problems like the inadequate shipping capacity. 
Scenario simulation methodology calls for few models only: the base case model 
and the scenarios. The benefit of the scenario simulation technique compared to 
other results analysis techniques like the design of experiments or steepest ascent is 
that it reduces the time-consuming sets of simulation runs and elaborate results 
analysis. This is in line witl1 the view that simulation is an economic way to 
evaluate alternatives before implementation (Mott and Tumay, 1992), although 
perhaps not as thorough as tltey claim. In their extensive article on production 
scheduling approaches, Rodammer and White (1988) reach the conclusion that 
once a problem has been defined and suitable candidates generated, the 
performance of candidate schedules could be verified using simulation models. 
This is the same approach used in the scenario simulation methodology. 
One drawback of simulation is that model optimum is not found (Mentzer, 1989). 
This applies to the scenario simulation methodology also. However, not all re
engineering actions are found by optimizing present system parameters. The 
alternative shipping arrangement was not a part of the original, base case 
simulation model and cannot t11erefore be found by optimizing the base case model 
decision variables like reorder point and replenishment quantity. Simulation as 
such did not prove to be a powerful problem solving method, as Hoover and Perry 
(1989) believe. Instead, t11e improvement actions were discovered from t11e 
researcher's previous experience or from existing logistics tlleory. 
The correlated inspection approach to validate the simulation models as suggested 
by Kelton and Law (1991) or Hoover and Perry (1989) to validate tl1e base case 
models was not properly carried out. The exact replenishment policies and demand 
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structures were not known for a stock, so the actual system inventory level data 
was used to fine-tune replenishment policies. After this fine-tuning is done, 
comparing the model inventory level to the actual system inventory level is no 
longer a test of validity. 
Another consideration is that the role of simulation modeling can be a decision 
support tool. The improvement actions are decided elsewhere. Then the function of 
the model is to assess the improvement potential of the suggested improvement 
actions. For this purpose, scenario simulation methodology is suitable. 
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Abstract 
Group technology is a modem manufacturing approach which has been widely used in many 
industries. This paper addresses the machine-part cell fonnation problem while several criteria are 
considered for the evaluation of alternatives. The criteria include the number of work stations or 
cells, the cost of set-up and operation of different designs, and the volume of inter-flow traffic. 
Methods are presented for generation of efficient alternatives, evaluation of alternatives, and 
selection of the best alternative. This paper develops an approach to determine the machine-part 
cells and to choose the part processing plans minimizing the inter-cell part flow. The proposed 
approach solves the problem iteratively until a set of plans and the machine-part cells are obtained 
with minimal inter-cell part flow. 

1. INTRODUCTION 

Many US fmns are utilizing the cellular manufacturing technology to increase their productivity 
and quicken their responses to market change. The design of a cellular manufacturing system 
consists of three major stages: 1) economical and technical feasibility study; 2) design of 
manufacturing systems; and 3) systems implementation (Wemmerlov and Hyer 1987). A cellular 
manufacturing system (CMS) can be designed by applying group technology and just-in-time 
concepts. One of the first problems to be solved in the system design stage is the machine-part cell 
formation. According to similarities in design features or processing requirements, the parts are 
grouped into families, and machines into cells. Families of parts can then be completely processed 
in their corresponding machine cells. The design procedures based on design features of parts 
require a classification and coding system that is time-consuming and demands additional expertise 

Compuler AppUcalions in Production and Engineering. F. Plonka and G. Oiling (E<ls.) 
0 t9911FIP. Published by Chapman & Hall 
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to develop. Most design methods use the processing requirements of parts to form machine-part 
cells (King and Nakornchai 1982; Kusiak 1987; Srinivasan and Narendran 1991). 

The processing requirements of parts on machines can be represented in the form of a 
matrix ( ajj) which is called the machine-part incidence matrix. The incidence matrix has m rows 
representing the machines and n columns representing the parts. An element aij in the incidence 
matrix is 1 if part j requires an operation to be performed on machine i; otherwise aij is zero. The 
grouping of parts into families and machines into cells results in row and column exchanges of the 
incidence mattix. The expected solution is a block-diagonal matrix. But in most cases, the fmal 
grouped cells are not mutually exclusive. A few entries outside the diagonal blocks represent 
operations to be performed outside the assigned machine cells. These elements are called 
exceptional elements. The corresponding machine is called a bottleneck machine, and the 
corresponding part is called an exceptional part 

During the past two decades, numerous research papers have been published for cell 
formation. These methods are based on the following approaches: 

1) Coding and classification (Bedworth et al. 1991, Xu and Wang 1989); 2) Machine-part group 
analysis (Burbidge 1971, King 1980, Chan and Milner 1982, Chandrasekaran and Rajagopalan 
1986); 3) Similarity coefficients (Seifoddini and Wolfe 1986, Askin et al. 1991); 4) Knowledge
based(ElMaraghyand Gu 1988, Singh and Qi 1991); 5) Mathematical programming (Choobineh 
1988, Rajamani et al. 1992, Logendran 1990); 6) Fuzzy clustering (Li et al. 1988, Xu and Wang 
1989). 

Most of these methods concentrate on forming the machine-part cells. If there exist 
exceptional elements in the final cell structure, these methods suggest duplicating all bottleneck 
machines or to subcontracting exceptional parts. They do not provide systematic means to handle 
the cell structure with exceptional elements. 

In this paper, we propose a multiple criteria decision making (MCDM) framework for 
generating alternative cell structures and selecting the best one. The approach includes three levels. 
First, the seed alternative is formed by using our ANN-based clustering method (Malakooti and 
Yang 1995). Next, a heuristic procedure is proposed to generate alternatives from the seed 
alternative. This approach can generate alternatives for any feasible number of cells. Finally, the 
best machine-cell structure is found with considerations of maximizing the machine utilization rate, 
minimizing the number of duplicated machines, and minimizing the number of exceptional 
elements. We investigate relationships among several criteria and repon experimental results. 

The rest of the paper is organized as follows. In section 2, we give the multiple criteria 
approach for the machine-part cell formation problem. In section 3, an example is solved and the 
relationship among several criteria is also investigated. Section 4 is the conclusions. 

2. MULTIPLE CRITERIA DECISION MAKING DESIGN 
APPROACH FOR MACHINE-PART CELL FORMATION IN 
CELLULAR MANUFACTURING 

From our experiments and other researchers' experiments, we note that the final cell 
structures for most practical problems include some exceptional elements. These exceptional parts 
need to be moved among different machine cells. To decrease this kind of intercell part flow, the 
corresponding bottleneck machines could be duplicated, but this could result in increased capital 
cost and decreased machine utilization rate. Thus, there is a trade-off among intercell part flow and 
the number of duplicated machines, as well as other criteria such as machine utilization, cell 
utilization, machine loading, etc. We propose a multiple criteria decision making approach to 
design the machine-part cells to minimize the exceptional elements, to minimize the number of 
duplicated machines (capital cost), to maximize the machine utilization rate, and to find the best 
number of machine-part cells. 
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Most methods require the number of cells, K, as a known parameter. But in the practical 
design, the optimal number of cells is unknown and needs to be determined. Clearly, to put all 
machines and parts into one single cell, or to put only one machine into each cell does not make 
any sense. We assume that the minimum number of machine-part cells Rmin is two. 

2.1. Model Formulation 
2.1.1. Definitions 
1) An alternative ai is a machine-part cell structure which can be represented as ( (mir. Pir). 

r = 1, 2, ... , R), where miris the index set of machines in cell r, Pir is the index set of parts in cell 
r, and R is the number of cells. 

2) Rmin is the minimum possible number of cells and Rmax the maximum possible number 
of cells. 

3) Machine Utilization (MU) 
MU can be computed as (Chandrasekharan and Rajagopalan 1986): 

R 
MU = Nl/( }.; mrnr) 

r=l 
where N1 is the total number of 1 's within the groups, R is the number of groups, mr is the 
number of machines in the rth group, and nr is the number of components in the rth group. 
Generally speaking, the higher the MU, the better the machines are being utilized, and the better the 
machine-part cell structure. 

2.1.2. Model 
1) P1 (multiple criteria problem): 
From the set of q alternatives (machine-part cell structures) A = { ai, i = 1, 2, ... , q}, find 

the alternative with the best number of cells which optimizes the following objectives: 
min f1 (ai) = number of duplicated machines 
min fz(ai) = number of exceptional elements 
max f3(ai) = machine utilization rate 

aie A 
The problem fmnulated above is a discrete multiple criteria decision making one. There 

are two kinds of approaches to solving discrete MCDM problems (Malakooti 1988): a) One 
assumes that there exists a utility function for a given Decision Maker (DM) that can predict his/her 
behavior and interest; b) One makes no assumptions regarding the existence of a utility function, 
but provides the DM with a set of simple but effective tools and lets him/her, by trial and error, and 
if-then type of statements, obtain the best alternative. 

Under the assumption of an additive utility function: 
U(ai) = U(f1*(ai), fz*(ai), f3*(ai)) = w1f1 *(ai) + W2f2*(ai) + W3f3*(ai) 

where wt, w2, and w3 are weights representing the importance of each criterion to the DM; and 
ft*(ai), f2*(ai). and f3*(ai) are normalized values of f1 (ai), f2(ai). and f3(ai). Pl can be 
ttansformed into the following single objective problem P2. Under the above formulation, an 
alternative aj e A is quasi-nondominated if and only if another alternative ai' e A such that f1*(ai') 
> f1*(ai), f2*(ai') > f2*(ai) does not exist. 

2) P2 (additive utility problem): 
From the set of alternatives A= {ai, i = 1, 2, ... , q} find the alternative with the best 

number of cells which maximizes the utility function: 
Maximize U(ai) = Wlfl *(ai) + wzfz*(ai) + W3f3*(ai) 

aie A, 
where W1 + W2 + W3 = 1 and WJ, W2, W3 ~ 0; 
fJ*(ai) = (f1max(ai)- fl(ai)) I (flmax(ai)- flmin(aj)) (2-1) 
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and f2*(ai) = (f2max(ai)- f2(ai)) I (f2max(ai)- f2min(ai)). 
f3*(ai) = f3(ai) 

(2-2) 
(2-3) 
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Our purpose in solving this problem is to find an alternative ai e A such that U(ai) ~ U(ai') 

for any ai' e A. 

2.2. A Three-Level Approach to Find the Best Alternative 
~: An artificial neural network (ANN) approach for Family Formation of Group 

Technology (Malakooti and Yang 1995) can be used to solve P2 to generate a seed alternative ao 
for each given number of cells, R. We start cell number at R = 2 and increase the cell number by 
one for each iteration until the cell structure has a cell containing only one machine or one part 

Clearly, ao is a quasi-nondominated alternative because fl *(a()) = 1 is the maximum value 
of fl * (Steuer 1986). 

stop. 

l&Yd.2: Generate a set of local nondominated alternatives from the seed alternative ao. 
The heuristic procedure to generate alternatives from the seed alternative is as follows: 
1) Check if there exist exceptional elements in thr seed alternative ao. If there are none, 

2) Find the bottleneck machine j* associated with the most exceptional elements. 
3) Find the corresponding machine-part cell Cr* in which the highest number of parts need 

to be processed on bottleneck machine j*. 
4) Duplicate machine j*, and put it in cell Cr* to generate an alternative. Go to step 1). 
From this heuristic procedure, we know that each new alternative is generated by 

duplicating one bottleneck machine to decrease the number of exceptional elements. Although fJ* 
of a new alternative decreases, the corresponding f2* increases. We conclude that the generated 
alternatives are always local nondominated (or global quasi-nondominated). The best alternative is 
one of those quasi -nondominated alternatives. 

l&Ydl: Evaluate the alternatives based on P2 to find the best alternative (the one having the 
highest utility value}. 

In order to evaluate all alternatives, we need to assess the importance weights w 1. w2, and 
w3 that the DM attaches to the criteria. There are a number of methods available, such as directly 
rating or ranking the criteria, or using indifference tradeoffs. In this paper, we assume that w 1, 
w2, and w3 are known, so the set of alternatives can be evaluated by their utility values. An 

alternative ai e A is the best one when U(ai) ~ U(ai') for any ai' e A. 

3. AN EXAMPLE TO EXPLAIN THE THREE-LEVEL MCDM 
APPROACH 

Problem 3 in this section is solved by our approach. We generate alternatives for each seed 
alternative and represent them using three objective values (number of duplicated machines f1, 
number of exceptional elements f2, machine utilization rate f3, and their corresponding normalized 
values f}*, f2*, f3*). We also calculate utility values for each alternative using two sets of 
preference values: 1) w1 = w2 = w3 = 1/3; 2) w} = 0.2, w2 = 0.4, and w3 = 0.4. The purpose 
of using two sets of preference values is to show that the best machine-part cell structure is chosen 
based on the Decision Maker's preference to each objective. The best machine-pan cell structure 
corresponding to each set of preference values is also given. 



356 

Problem 3 (5x1) (Wqhodckar and Sahu 1984) 

The initial incidence llllllrix: 

I 2 3 4 5 6 7 
01 I I I 
02 
03 
04 
~ ~--~~~~--~ 

The seed allemative ao for R • 3: 

2 4 7 3 5 6 
01 I I I 
00 ~-~~~~~~rr~~ : lmuLl~ 
04 ~--~--~1_-----__ 1~1~ .. 

The 8 alu:maaiws are: 

R=2 R=3 

II() 81 112 II() 81 112 

f1 0 1 2 0 1 2 

f2 2 I 0 4 3 2 

f3 0.82 ·o.n 0.64 0.92 0.92 0.88 

f1* 1.00 0.91 0.82 0.73 0.64 0.55 

f2* 0.25 0.40 0.50 0.60 0.70 0.80 

f3* 0.93 0.93 0.93 0.90 0.88 0.83 

Ut 0.77 0.74 0.71 0.64 0.64 0.63 

U2 0.73 0.73 0.76 0.57 0.62 0.64 

The best cell structure is 8Q with R=2 
when W1 • W2 =W3 = 1/3: 

01 
03 
02 
04 
OS 

1 2 4 7 3 s 6 
1 I 1 

1 1 1 1 -··· I I 
I I I 

I I I I 

a3 

3 

I 

0.75 

0.45 

0.85 

0.79 

0.58 

0.65 

The seed alternative ao for R = 2: 

84 

4 

0 

0.67 

0.36 

0.90 

0.78 

0.56 

0.67 

I 2 4 7 3 5 6 
OI I I I ! 
~ J ....... ! ...... J ........ !.. ... I .. r ..... T ............ . 
04 1 i I 1 
OS 1 i 1 I I 

Note 

R: Number of cells 

f1: Number of duplicated machines 

f2: Number of exceptional elements 

f3: Machine ulilization rate 

r 1": Normalized value of r 1 using {2·1) 

f2*: Normalized value of f2 using (2-2) 

f3*: Normalized value of f3 using (2-3) 

U 1 = l/3(fl* )+ l/3(f2*) + l/3(f3*) 

U2 = 0.2(fl* )+ 0.4(f2*) + 0.4(f3*) 

The besl cell structure is a2 with R=2 (machines 
02 and 05 arc duplicated) when WI = 0.2, 

w2 = 0.4, and w3 ,. 0.4: 

247356 
01 I I I I 
~· I I I I 
~· ................... ..l ............. l.!""""j'"'"'"'"' 
05 !J I 
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We observe the following: 
1) Regardless of the weights w1, w2, w3, the machine utilization rate, f3, for the best cell 

structure is higher when R=3 than it is when R=2. Thus, as the number of cells decreases, the 
machine utilization rate decreases. 

2) f3, ·machine utilization rate, always decreases as fl, number of duplicated machines, 
increases. 

3) f2, the number of exceptional elements, is higher when R•3. 

4. CONCLUSIONS 

In this paper, we proposed a multiple criteria decision making approach to solve machine
part cell formation problems, especially those problems with exceptional elements. This three-level 
method generates a seed machine-part cell structure, and alternative structures from the seed, for 
every feasible number of cells. These alternative machine-part cell structures were evaluated by 
several aiteria: the number of duplicated machines, the number of exceptional elements, and the 
machine utilization rate. An example was solved to show that the proposed approach can 
successfully solve the problems. We investigated the relationship among these critena. We have 
the following observations from our experiment: 1) Machine utilization rate will decrease when the 
number of cells deaeascs; 2) Machine utilization rate will decrease when the number of duplicated 
machines increases; 3) Number of exceptional elements will increase when the number of cells 
increases. We gave experimental results on several problems from the literature. 
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Abstract 
A shop floor model of a large electronics manufacturer was developed to study the 
reduction of manufacturing cycle time. The model followed the manufacture of 
electronic systems from printed circuit board preparation, through board assembly 
and test. to final system assembly and system testing. 

Simulation allowed the evaluation of four different tactics for manufacturing 
cycle time reduction. TI1ese were: t11e effect of setup, breakdown and lot size on 
printed circuit board (PCB) assembly; tl1e implementation of a total pull tactic on a 
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production line; the comparison of improved quality in manufacture and rework; 
and the effect of balancing personnel across shifts. 

The study used actual production data. Conclusions about the study and the 
effectiveness of alternative tactics are presented 

Keywords 
Shop floor simulation, manufacturing cycle time, electronics manufacturing 

1 INTRODUCTION 

The spectrum of manufacturing operations can be classified from make-to-stock 
(MTS), where all products are standardized, at one extreme, to engineer-to-order 
(ETO), where the customer specifies the purpose of the product, at the other. In 
between these extremes in the manufacturing spectrum are assemble to-order 
(ATO) and make-to-order (MfO) type operations. ATO involves an environment 
where major components and subassemblies are held in stock awaiting customer 
orders and can be treated either as a unique environment by itself or the first step 
from an MTS to an MTO environment. In an MTO environment, products are 
made to customer requests, usually involving a large engineering component. 

The manufacturing technologies (such as FMS, robotics, CIM) and management 
based approaches (such as supply chain management, JIT, BPR) that have been 
implemented over the last two decades enable enterprises to compete on time
based performance, especially in ETO, A TO and MTO environments. Time 
reduction at all phases and levels of manufacturing from order processing to 
shipment is emerging as a pivotal issue in this respect. 

Modeling and analytical.aspects of cycle time reduction are studied in Kannarkar 
(1987), Kingsman etal (1989), Hill and Khosla (1992), Lockamy III (1993) as well 
as Miltenburg and Sparling (1996) among others. Frameworks for analyzing lead 
time related issues are developed in Kingsman et al (1989) incorporating a 
hierarchy of lead times that add up to total delivery lead time. Certain input/output 
control procedures are proposed. A cost/benefit analysis based framework for lead 
time reduction is argued in Hill and Khosla (1992). Lockamy III's framework, on 
the other hand, is based on a study of six large manufacturing organizations. 
Performance measures by various functions are proposed for lead time 
management Mathematical models are developed to study cycle time in 
Karmarkar (1987) and Miltenburg and Sparling (1996). In the fonner study, the 
impact of lot sizing and work-in-process stocks on lead time is studied. In the 
latter article, three models in the fonn of a stochastic, Markov chain and a queuing 
model are developed to study cycle time management in MTO, ATO and MTS 
environments. 

Approaches and techniques for lead time reduction are discussed in Hopp et al 
(1990). The overall conclusion is that the most effective factors in lead time 
reduction are the decrease in mean flow time and flow time variance. A study by 
Handfield and Pannesi (1995) focuses on how finns can achieve a time-based 
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advantage in MTO manufacturing environments through: i) cross functional design 
participation, ii) just-in-time purchasing, iii) improved supplier delivery and 
quality performance, and iv) lot size reduction. A structural model and relevant 
measures were developed. The model was tested using interview data with 
managers in forty plants from nine industries. Findings suggest the significance of 
factors (ii) and (iii) on lead time based competitiveness. 

Rather than focusing on a limited number of factors as in many of the articles 
reviewed, this study covers a wider range of operational factors and analyzes their 
impact on lead time. The production line studied in this article operates in a hybrid 
environment ofMTS and MTO. The study objectives, factors studied and their 
impact on cycle time are discussed in the following sections. 

2 STUDY OBJECTIVE 

The authors in collaboration with a large manufacturer of electronics equipment 
developed a computer modeVsimulation of the supplier's manufacturing operations 
in order to assess the potential benefits of applying simulation technologies to the 
study of its manufacturing and business operations, as well as to understand how 
overall manufacturing cycle time can be shortened. The project examined the 
drivers and the effects of reducing manufacturing cycle time, where manufacturing 
cycle time was defined as the time from work orders arriving on the shop floor to 
the point when fabricated items are deemed to be finished goods. The study had 
two major objectives: a) to determine how to achieve a reduced manufacturing 
cycle time, and b) to investigate the effects that reduced time would have on other 
functions in the enterprise, e.g., order fulfillment, production planning, etc. 

A Manufacturing Enterprise Model was developed, comprising three submodels: 
an Order Fulfillment Submodel, an Inventory Submodel, and a Shop Floor 
Submodel. The Order Fulfillment Submodel was composed of those business 
processes from receiving a customer order to invoicing of the customer including 
order entry, custom product configuration, material planning, production 
scheduling, and distribution. The Shop Floor Submodel was composed of those 
processes from reception of work orders to placing finished goods into inventory. 
A separate Inventory Submodel was created to track ordered components, work-in
process (WIP), and finished goods. The points of communication between the 
submodels are the work orders which come from the central planning function, the 
components which are controlled and purchased by the planning and purchasing 
functions, and which are drawn upon by the shop floor, and finished goods which 
are placed in inventory by the shop floor, and then, delivered to the customer by 
distribution as part of the order fulfillment function. More detail about this 
integrated modeling approach is in Chan and Thomson (1997). 

The present paper deals with the study of tactics which allow the reduction of 
manufacturing cycle time and discusses the Shop Floor Submodel only. 
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3 SHOP FLOOR STUDIES 

The Shop Floor Submodel was developed using ProModel, a Windows based tool 
for sirnuJating and analyzing discrete part manufacturing systems. The model was 
based on the production facility of the participating electronics manufacturer. A 
typical line starts with board preparation and screen printing (application of 
solder). A number of automated steps for component placement, including surface 
mount, automatic insertion, mold seal, and connector assembly is perfonned. 
These are, then, followed by a before-wave, wave (soldering) and after-wave 
assembly sequence. In-circuit testing is performed next, followed by mechanical 
assembly into system units. The system units are, then, passed through a series of 
testing stages, including functional test, post-functional test and environmental test, 
where they have to be tested in conjunction with other system units. Having 
passed all the foregoing tests, a system may still undergo system test and customer 
requested field acceptance testing. The model terminates at finished goods 
inventory. A schematic of this process is shown in Figure 1. 

The specific studies for manufacturing cycle time reduction were based on data 
supplied by the electronics manufacturer for several days of production. Four 
different tactics to reduce cycle time were investigated: 
1. variation of setup, breakdowns, and lot size parameters 
2. use of a complete 'pull ' tactic across the assembly and test sections 
3. improvement of quality, and 
4. changes in the distribution of personnel employed across shifts. 

Figure 1 Schematic of printed circuit board manufacturing processes 

4.1 Impact of lot size, setup times and downtimes 

The Shop Floor Submodel was used to study the impact of lot size, setup time, 
breakdown frequencies and repair times on the assembly time for the assembly 
section of the PCB production line as described above. Products assembled on the 
line were grouped into six families. Data for setup, processing and repair times 
and breakdown frequencies were gathered for each station/product combination 
from company files and through stopwatch studies in certain cases. All parameters 
of the model were assumed to be deterministic, with the exception of breakdown 
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occurrences. which were asswned to follow a Poisson distribution. The model was 
validated to assess the degree to which it corresponded to the real system being 
simuJated. The comparison between the model's findings in tenn of the 
distribution of various times and the company's actual data for the validation 
period was quite favorable, as illustrated in Table 1. The comparison was for one 
machine which was typical of other machines in the line. Since the line was 
balanced, the idle time was completely due to the effects of setup and downtime 
from other machines, i.e., machines were either blocked or starved for work. 
Downtime was the sum of intervention time to failed stations and repair time. 

Table 1 Distribution of operating times for a typical workstation 

Model 
Actual 

Setup(%) 
14.5 
14.0 

Processing(%) 
19.5 
20.0 

Idle(%) 
50.0 
48.0 

Downtime(%) 
16.0 
18.0 

Two separate days of operations were simulated on the line. Each 24 hour day is 
denoted by sample 1 and sample 2. The input data used to simulate these two days 
was deemed to be appropriate since the data cover most of the product types made 
by the manufacturer. Also, the total number of boards processed in both days was 
quite large. The performance measures used to evaluate the impact of a given 
factor were: i) throughput time, i.e., the number of hours required to process 275 
and 295 PCBs, in sample I and 2, respectively, and ii) throughput rate per day, i.e., 
the number of PCBs assembled per 24 hours. When the fonner measure was of 
concern, a terminating type simulation was run, where the simulation starts and 
ends at a defined state/time. In such a case, the behavior of the system over this 
particular period of time is of interest, rather than its steady state behavior. 

While all other parameters were at base levels and breakdowns were disabled, 
simulations with lot sizes of 14, 10, 7, S, 3 over a 24 hour period provided the 
throughput rates in tenns of PCBs assembled given in Table 2. A lot size of 7 was 
used in other scenarios since it was the actual lot size used by the manufacturer. 

Table l Variation in output with change in lot size 

Lot size Sample 1 Sample 2 
(Number ofPCBs) (Number ofPCBs) 

14 378 392 
10 355 351 
7 327 345 
5 280 285 
3 226 235 

The impact of vmying setup time was tested at three levels, while breakdowns 
were disabled: base (current) level (1}, half of base level (0.5), and zero setup time 
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(0). The total throughput time for assembling 275 and 295 PCBs in sample 1 and 2 
for each setup time is given in Table 3. 

Table 3 Reduction in production time with a reduction in setup 

Setup time Sample 1 Sample 2 
(Hours) (Hours) 

Base (1) 17.63 19.27 
Half(0.5) 16.81 16.61. 
Zero (0) 13.91 14.56 

Another set of experiments was carried out by vruying the degree of downtime due 
to breakdowns at three levels: base (current) level (1), half of base level (0.5) and 
zero downtime (0). The throughput time required to assemble the 275 and 295 
PCBs in sample 1 and 2, respectively, is given in Table 4. 

Table 4 Reduction in production time with a reduction in downtime 

Downtime 

Base (1) 
Half(0.5) 
Zero (0) 

Sample 1 
(Hours) 
30.17 
22.73 
17.63 

Sample 2 
(Hours) 
29.30 
23.20 
19.27 

Table 5 shows the relative increase in production for setup time and downtime 
reductions using a lot size of 7. 

Table 5 Proportion of production increase with reductions in setup and 
downtime 

Sample 1 Sample 2 Average 
Half setup time I. OS 1.16 1.11 
Zero setup time 1.27 1.32 1.30 
Half downtime 1.33 1.26 1.30 
Zero downtime 1.71 1.52 1.62 

It is evident that increases in production are higher when downtime is reduced 
compared to similar, proportional decreases in setup time. This indicates that 
quicker intervention to breakdowns and reduced repair times would have a larger 
impact in reducing the assembly time. This finding has implications for the 
company in terms of its preventive maintenance and repair practices. 
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4.2 Total pull tactic 

The Shop Floor Submodel was used to study the effects of using a complete 'pull' 
tactic from finished goods to the start of the board assembly section. The actual 
production line being studied operated by pulling orders from finished goods to the 
start of the testing section and by 'pushing' lots of circuit boards through the 
assembly section. There was a small buffer between the board assembly and 
testing sections which acted as a 'regulator' between the processing of lots of 
boards and the assembly and test of systems. 

The following assumptions were incorporated into the model: 
a) a pull of 1 was defined as the boards required to build a complete system, 
b) like boards were processed as one lot, i.e., while one system of boards was 

pulled each time, there were multiples of certain boards. 

The original system had a lot size of 7 boards which was used during the assembly 
section of the line and into the in-circuit test station. In the simulations for a pull 
system. scenarios with lot sizes of 1, 4 and 7 boards were perfonned. The results 
for lot sizes of I and 4 are compared to those of a lot size of 7 in Table 6. 

Table 6 The effect of a pull tactic for different lot sizes 

Tactic 
Pull with lot size 1 
Pull with lot size 4 

Reduction in cycle time 
45% 
15% 

Reduction in throughput 
35% 

5% 

As can be seen from Table 6, manufacturing cycle time can be reduced by 45% 
through the use of a total pull tactic. This was due to two main factors: first, the 
elimination in some cases or a reduction in the use of buffers in others along the 
production line, and secondly, a reduction in delay times for the various groups of 
boards where they waited for testing facilities, i.e., essentially, waiting times in 
queues which operated on a first-in-first-out basis. There were no substantial 
reduction in actual workstation processing times. 

Nevertheless, three drawbacks were noted. First, adopting a complete pull 
system meant that the effective lot size was reduced; this increased the amount of 
setup time, thereby, reducing assembly line utilization and throughput. This had a 
large effect. Secondly, the reduction in the use of buffers in the testing area did 
reduce cycle time, but it also decreased testing facility utilization and throughput; 
this had a small effect. Overall, throughput was reduced due to these two factors 
as indicated in the above results. A third factor was the increased exposure to 
downtime due to possible component shortages. This was not simulated in the 
scenarios, but is an obvious consequence of reduced buffer size. This could be 
overcome by having an appropriate ordered component stocking policy. 

While studying the different lot sizes, especially the lot size of 1, different 
operating rules for the testing facilities were tried in order to overcome some of the 
obseJVed shortcomings and to determine optimum procedures. These different 
operating rules had minimum effect (less than 5%) on the cycle time or throughput. 
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4.3 Quality 

Due to product variety and complexity many errors occur during the assembly of circuit 
boards. 'Ibis is the state-of-the-art in the circuit board manufacture and will 
probably remain so since the desire for more variety and complexity is always 
pushing the capabilities of assembly lines. 

In the production line studied, there were four test areas: in-circuit test, 
functional test, post-functional test and environmental test. The first pass yield rate 
of the complete testing section was about 40o/o, i.e., 40% of the boards tested 
successfully passed the tests at all four test areas the first time. The yield was this 
low due to the high component density and requirement for high precision 
placement The effects of two different tactics that address quality were studied: 
first, an improved assembly quality or better first pass yield rate; second, different 
repair tactics leaving the first pass yield rate alone. 

For the first tactic, the first pass yield rate was individually improved at each of 
the four different test areas. This bad very little effect on reducing the overall 
cycle time. It was also noted in the simulations that any improvement in any single 
workstation, assembly or test, had very little effect on decreasing cycle time due to 
the highly balanced nature of the line. First pass yield rates were improved at all 
test areas uniformly by 10%; this gave a first pass yield rate in the testing section 
of the production line of about 58%. Tlrls improved overall yield rate resulted in a 
reduced total cycle time of about 6.5%. 

When PCBs fail tests at the testing areas, they are sent to repair stations for 
rework. Repair operations are such that boards being repaired can take a number 
of repair cycles for them to pass successfully through the testing section. 
Simulations were done assuming that the number of repair cycles at each test 
center was reduced by one repair cycle. This reduced total manufacturing cycle 
timeby6%. 

Due to some simplifying assumptions in the original models, the magnitude of 
the reduction in cycle time for simulations of quality improvement is 
underestimated. However, the interesting conclusion from the study is not so 
much the magnitude of cycle time reduction, but that improved repair tactics can 
bave the same effect as significantly improving the first pass yield rate. 
Significantly improving rates is very difficult, if not impossible, due to the 
determination of precise causes for failures and the cost or inviolability of better 
equipment, but it is most often feasible to improve repair processes so that total 
rework is lowered. 

4.4 Balancing personnel across shifts 

One of the important considerations for operating the production lines is the 
allocation of workers to the various stages of the assembly and testing processes. 
While the utilization of human resources on the automated portion of the 
production line is fairly routine, the assignment of operators to the manual portion 



Reduction of cycle time in manufacturing 367 

of the production line, particularly to the various assembly and test stations, could 
have a significant impact on productivity. As well, the balancing of the number of 
workers for the different shifts in a day (or week) could have a dramatic effect on 
the formation of bottlenecks, and thus, WIP and throughput Yet any changes to 
current practices must be justified to the work force. The Shop Floor Submodel 
helped to address this important issue. 

The Shop Floor Submodel was applied to study the impact of various resource 
allocation strategies on overall manufacturing cycle time. One of the studies 
involved the balancing of workers across the different shifts in a working day. The 
assembly operations on a printed circuit board production line include before-wave 
and after-wave, which are labor intensive operations, and a large number of 
manual workstations are involved. As well, the functional testing operation is a 
key step in the testing sequence for any printed circuit board. Not only is this a 
labor intensive operation. but the testing equipment deployed is highly dependent 
on the type of circuit board being tested. Again, a large number of manual 
workstations with technicians of various skill levels have to be utilized. TI1e Shop 
Floor Submodel was designed so that the number of workstations (thus, workers) 
deployed on any shift during the day/week for these locations can be varied easily 
via a spreadsheet, thereby, facilitating the experimentation of different worker 
assignment strategies. 

In order to focus the study on the effects of shift balancing, a series of 
experiments was conducted to identify the needed levels of resources that are 
commensurate with given input volumes. The number of workstations at various 
locations along the production line was successively reduced until the utilization 
rate was reasonable (75 to 100%), and not an excessive amount of slack was 
experienced for a given quantity of blank circuit boards being pushed from the 
beginning of the production line. Once this level was identified, it was used as a 
reference level for shift balancing experiments. Suppose this level was found to be 
15 workstations per day for the Functional Testing operation for a certain type of 
circuit board. In this case, the fully balanced scenario would call for a deployment 
of 5 workstations for each of the 3 shifts in a day. One unbalanced scenario could 
involve using 7, 5 and 3 workstations respectively for the 3 shifts in a day. 
Assuming there were actually 7 workstations available for this type of Functional 
Testing on the shop floor, then a highly unbalanced scenario could be 7, 7 and 1 
workstations respectively for the 3 shifts. 

An appropriate level of resource allocation was first identified separately for 
each of the operations on t11e production line where shift balancing strategies were 
being considered. Where different workstations or test sets were involved for 
different board types, this level was identified for each of t110se board types as 
well. Witll these levels serving as reference points, personnel balancing strategies 
for each group of workstations were tried individually as well as aggregately. In 
each case, tlle effect on overall production cycle time was compared. Multiple 
replications were run to even out t11e effects of random fluctuations in processing 
times and probabilistic failure rates. 
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1be results of shift balancing experiments showed that if strategies to balance the 
deployment of workers over the 3 shifts of a day were applied to individual groups 
of workstations, such as before-wave, or after-wave, or functional testing, tlte 
impact on cycle time was not significant. However, if the same strategies were 
applied to multiple groups of workstations, i.e., on a larger scale, then, the 
difference in cycle time could be significant. Specifically, if a shift balancing 
stmtegy was applied across the board to all applicable workstations on the 
production line, there was a reduction in overall cycle time for the fully balanced 
scenario over the highly unbalanced scenario of between 15 to 20%. This result is 
both intuitive and confonns to theoretical analysis. In other words, it is reasonable 
to expect that the overall cycle time on the production line to be shorter when the 3 
shifts are fully balanced when compared to a highly unbalanced scenario. The 15 
to 20% reduction is lower than the theoretical difference because the shift 
balancing strategy is applicable only to some of the workstations on the line. 

5 SUMMARY 

Simulation was an excellent metltod for evaluating different tactics for tlte 
reduction of manufacturing cycle time. The favorable comparison of validated 
models to actual production results gave a high degree of confidence to tlte 
findings. 

Lot size, setup and downtime 
Lot size showed no optimum value; lower values gave lower cycle times, but 
reduced throughput also occurred. The ability to reduce manufacturing cycle time 
by decreasing downtime showed much greater potential than reducing setup time. 

A total pull tactic 
A total pull tactic greatly reduced manufacturing cycle time; however, there was a 
significant, simultaneous reduction in throughput. More studies are being 
undertaken to determine if this can be overcome. 

Quality 
The interesting conclusion that improved repair procedures can have as large an 
effect as an improved first pass yield rate for reducing cycle time was obtained. 
This is being investigated by the company and further research is ongoing in order 
to better predict the magnitude of the reduction. 

Shift balance 
Balancing personnel and equipment utilization across shifts reduced manufacturing 
cycle time compared to unbalanced operations. Only a 15 to 20% reduction was 
observed since balance/imbalance was only applicable to a few workstations. 
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Abstract 
Computer aided simulation can assist in Flexible Manufacturing Systems' (FMS) 
design (planning), scheduling and operation as well. The knowledge for planning 
and controlling of FMS can be built into knowledge based (KB) systems. KB, 
intelligent control of FMS can be done by using the results of scheduling 
(production planning based on process plans). Intelligent control and supervision 
of a system can be solved by real-time, intelligent environments. In this paper two 
KB simulation-scheduler systems will be discussed. In the first one the simulation 
system is implemented in SIMAN/Cinema, while in the second one in G2. The 
simulation is connected to preparation, evaluation and scheduling advisory systems 
implemented in G2 in both systems. The paper gives details on scheduling results 
using both systems with the same two test cases. 

Keywords 
Simulation, scheduling, knowledge-based system, flexible manufacturing 

I INTRODUCTION 

The production process in a manufacturing system is based on the manufacturing 
schedule which is created from a process plan. A process plan consists of the 
operation order, the identifiers of the machines, tools, etc. and the time period of 
each operation on the given manufacturing equipment. The manufacturing 
schedule contains the previous information plus the start and end times of all the 
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operations. A good scheduler can take into account the transportation and set-up 
times as well. A scheduler also has to consider the due dates (or due times). There 
are different solutions to obtain appropriate production schedules. Some of them 
are in the following categories: mathematical programming, multi-criterion 
decision making, heuristic approach, graph-theoretical approach, application of 
simulation, application of AI tools. 

Our approach is a combination of the last two methods, when a simulation 
system will be connected to a KB scheduler. 

2 APPLICATION OF KB SIMULATION FOR SCHEDULING 

Scheduling with simulation is usually fast and reliable. During the simulated 
manufacturing process the starting and finishing time of each operation can be 
recorded, and later on a schedule can be built up based on these information. 

If we create a manufacturing schedule with simulation, there are several decision 
points - even if only simple algorithms are used - in the process of the simulation. 
For example: 

-if there are more than one workpieces in a parallel buffer (temporary storage), 
the question is which workpiece can leave the buffer first. or 

- more than one machine tools are suitable for a certain operation, which 
machine to choose, 

- more than one workpieces are waiting for the same resource, which will be 
served first, - etc. 

In traditional languages and in most of the simulation languages these kind of 
decisions can be made by using the if-then-else structure only. It is rather difficult 
to write decision rules if we have a large number of conditions to be satisfied at the 
same time. Using the traditional languages even not too complicated scheduling 
rules as LIFO or FIFO are bard to manage. Combining simulation and knowledge 
based (KB) systems will result in the so called knowledge based simulation to 
solve the problem of decision making during simulation. In such a combination the 
scheduling power will be defined by the KB. 

3 KB PROTOTYPE FMS SIMULATION-SCHEDULER SYSTEMS 

Our first KB FMS Simulation system was written in CS-PROLOG 
(Communicating Sequential Prolog) [ 1 ]. The next version was based on the 
traditional SIMAN/Cinema simulation-animation [2] package connected with 
advisory systems implemented in the ALL-EX [3] expert system shell. Then ALL
EX was substituted by the G2, real-time, object oriented expert system 
environment [4) (Hybrid System). Finally the simulation was implemented in G2 
as well, this way the same object definitions and some part of the knowledge could 
be used for all subsystems and there were no communication problems between the 
simulation and the KB (KB System). [5] gives a detailed description of system 
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development and implementation problems including some comparisons of the 
above KB simulation-scheduler systems. 

3.1 Simulation and advisory systems in the same G2 environment 

The natural advantage of the system where the simulation and. the interconnected 
expert systems (preparation, evaluation and scheduler) are implemented in the 
same G2 environment is that neither interfacing nor co-operation problems 
appeared as in the previous prototypes, where 02 had to cooperate with 
SIMAN/Cinema. The biggest difference was caused by the 02's object-oriented 
view. AU elements of the simulated system are now represented by 02 objects with 
a hierarchy between them to make attribute inheritance possible. 

4 EXPERIMENTS USING THE G2 ENVIRONMENT 

[6] gives a good summary of scheduling (and dispatching or priority) rules which 
are often applied in experimental systems. There is a distinction between 
dispatching (or priority) and scheduling rules, which is the following according to 
a simplified definition: Dispatching rules assign scalar values to all waiting jobs, 
while scheduling rules select the job to be scheduled next in preference to the other 
waiting jobs. However in most practical implementations priority rules are used for 
both purposes. In the following we shall use only the scheduling rules for both 
terms, and we do' not distinguish between pre-release decisions, part-release 
decisions and part-routing decisions which are the essence of dispatching. 

Some of the possible scheduling priorities and rules associated to them are the 
following: 

- Processing time (shortest/longest next operation, shortest/longest remaining 
time. etc.) 

-Due date (earliest, earliest operation, etc.) 
-Number of operations (fewest/most remaining, etc.) 
-Random arrival time (FIFO, LIFO, random, earliest available, etc.) 
-Cost rules (minimwn tardiness, etc.) 
-Setup time rules (highest/lowest setup time, etc.) 
- Slack rules (least amount of slack, least static slack, etc.) 
-Machine (shortest processing time, shortest queue behind, etc.) 
-Tool (least number of tool movement, etc.) 
These priorities and the rules belonging to them freely can be combined in the 

hope of getting better results. The "better result" means better according to some 
given goal functions or expectations. Such expectations can be the shortest total 
production time, cheapest production, uniform load of resources, maximal (or 
minimal) load of the most expensive/cheapest machine, etc. These can be simple or 
combined, and they may be contradictory is some cases. And - naturally - they are 
represented by the applied scheduling algorithm (rules). 
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Application of expert systems allows to use contradictory rules simultaneously, 
and probabilities and uncertainties can be applied, too. This way the power of the 
system can be increased and programming is easier. For our experiments we 
applied simple rules of different priorities with a goal function of having the 
shortest throughput time (total production time). The results are evaluated based on 
total throughput times. Scheduling was divided into two consecutive steps. We 
separately tried to optimize the sequence, as raw parts arrive into the input buffers 
of the FMS (pre-schedule), and then optimization is done when the parts are 
moving in the FMS (schedule). 

4.1 Optimizing the input sequence of raw parts arriving into the FMS 

In this phase a preliminary sequence of the raw parts is determined how to arrive 
into the input storage of the FMS to see the effects of these sequences to the final 
schedule. 

The following rules/priorities were used: 
- MQ, type of maximwn quantity first (always that part type has the highest 

priority from which the biggest number is required, the basis of comparison is the 
number of required parts minus number of parts under /plus after/) processing of 
the given types) 

- MC, multicolor input (all types of parts should be in the input storage as long 
as possible) 

- UD, uniform distribution input (the distribution of different parts in the input 
storage corresponds to the distribution of quantities of different part types to be 
produced) 

4.2 Application of different scheduling algorithms 

As it was mentioned, earlier only the well-known Round Robin strategy was built 
into the SIMAN simulation system itself and a LIFO and a FIFO algorithms were 
implemented in the Scheduling Advisor first. Later on we changed these 
algorithms. and for the experiments the following ones were implemented: 

- SP,job (part) with shortest process plan first 
- LP, job (part) with longest process plan first 
- SI,job (part) with the shortest next operation time first 
- Ll,job (part) with longest next operation time first 
-ED, job (part) with the earliest due date first 
- SR. job with the shortest remaining processing time first 
- LR. job with the longest remaining processing time first 
(Jobs are always associated to parts.) 

The time-spans of individual process-plans are measured by generating 
individual schedules for each part as they were the only single parts in the system. 
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4.3 Tests with the GoldStar FMS, application of the hybrid system 

The goal of the experiments was twofold: to test the hybrid simulation-scheduler 
and to make test runs with a real industrial example. The FMS works in the 
workshop of the GoldStar Heavy Industries Cable factory near Seoul. There are 8 
CNC machining centers with palette exchanger and tool magazine in the system. 
The machine tools are situated in one long line, there are seven buffers for 
temporary palette storage, with 6 slots each. One transport carriage is moving on 
rails, with a speed of 60 m/min if loaded and with 80 m/min if empty and its 
accuracy is 0.2 mm. The palette size is 1mxlm, the maximum weight of the 
workpiece is 3000 kg (3 tons), there is room only for one palette in the carriage. 
There is a load/unload station with four slots where parts are fixed on the palettes, 
and where they are unfixed to leave the system. Fixing/defixing is done manually. 

To demonstrate the size of the workshop we give the distances of the machine 
tools from the load/unload station, as machine identifier (distance in meters): 

1(12), 2(27), 3(26), 4(33), 5(40), 6(47), 7(54), 8(61) 
The production task in a shift (one week) are given in Table 1. 

Table l. Production tasks of the GoldStar system 

color batch package due date setup operation times (min) 
size size time 

(day) (min) op1 op2 sum 
red 100 6 6 5 105 77 182 
yellow 100 5 6 5 65 50 115 
blue 90 10 6 5 30 225 255 
brown 30 3 6 5 60 120 180 
·green 10 2 3 5 70 65 135 
white 10 2 3 5 80 65 145 
Total 340 

We use the Cinema animation colors instead of the names of the parts to identify 
them. There are two operations to be done on every part An oJ)eration is defined as 
all CNC programs on one machine tool with one palette position. The two 
operations can be done at any machine tools, and there is a need of a new fixing of 
the part between them. 

If we calculate the total amount of time which is theoretically necessary for the 
production we have: 

100x182+100xl15+90x255+30xl80+10x135+10xl45=60850 
If we add two setup times to each workpiece we get: 
TSUM=60850+340xl0= 64250 min 
TSUM in days is 64250/60/24= 44.6 days if we suppose 1 machine tool only, 

but as we have 8 similar purpose machine tools 
TSUM8= 44.6/8= 5.57 days 



Experiments with a knowledge-based simulator 375 

We can say that to produce all parts in a shift 5.57 days were necessary if every 
machine tool worked full load all the time, i.e. theoretically the production could 
be done in a working week with 6 days to work with 24 hours work a day. The 
high amount (42) of buffer places makes such a vision realistic. As the speed of the 
AGV is high enough to say that the time periods which the palettes spend on the 
AGV are one-two order smaller than the machining times, transportation times are 
neglected or we can say that they are included into the setup times. 

4.4 Tests on the CIM plant of the TUB, application of the KB program 

For these experiments the pure G2 program was used with the goal of checking as 
many test runs as possible with a complicated, 4-cell FMS, with simple, but 
realistic production tasks, to find out the differences between the possible 
combinations of pre-scheduling and scheduling rules. Several different batch sizes 
of all parts were checked with several scheduling algorithms available (in the 
Scheduling Advisor system). We made test runs with a real production task where 
4 different parts should be produced and checked on the CIM pilot plant of the 
Technical University of Budapest (TUB). This flexible manufacturing system 
consists of 4 different cells (manufacturing, storage and AGV, measurement and 
assembly). The manufacturing cell contains a CNC lathe and a CNC machining 
center served by two different robots. There is an AGV moving on given traces to 
carry one palette with one workpiece at a time. All parts have different process 
plans (Table 2.). The meaning of the abbreviations are the following: fix-fixing, 
tum-turning, mill-milling, asm-assembly, meas-measurement, dfix-defixing. 

Table 2. Process-plans of the four parts of the TUB system 

part operations time (min) timespan (min) 
red fix(l5)-tum(25)-mill(30)-dfix(5) 75 
yellow fix(l5)-mill( 18)-asm(30)-dfix(5) 68 
blue fix( 15)-meas(25)-asm(30)-dfix( 5) 75 
green fix(30)-tum(20)-meas( 1 O)-mill(20)- 145 

meas( 1 O)-mill(20)-asm(30)-dfix(5) 

We use the different colors to identify the different parts as it was implemented 
in the animation of the process. The respective due-date priorities of the part type 
were given instead of real due dates and they order was the same in all 
experiments: yellow-green-blue-red. The yellow parts are the most important, the 
red ones are the least important, if due dates are concerned. 

The batch sizes varied from 0 to 30 during the experiments. As the Input Storage 
of the system has 10 slots the experiments would have been meaningless if the sum 
of the four batch sizes had not been bigger than 10. We made runs with several 
combinations of the priorities (3 x 4= 12 runs for each production task. 

All the three input sequence algorithms and the following scheduling algorithms 
were used: LP, SI, LI, ED) with the following 8 sets of batch sizes: 
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yellow 3 4 5 6 7 8 9 10 
green 3 4 s 6 7 8 9 10 
blue 3 4 s 6 7 8 9 10 
red 3 4 s 6 7 8 9 10 

and then with the same numbers, but one part was always missing. As example 
we give the table without yellow parts. 

yellow 0 0 0 0 0 0 0 0 
green 3 4 s 6 7 8 9 10 
blue 3 4 5 6 7 8 9 10 
red 3 4 5 6 7 8 9 10 

We had one group of experiments with all part types, one with yellow missing, 
one with green missing, etc. This way we had 8 times 12=96 runs for each group, i. 
e. altogether we made S times 96 = 480 experimental runs, which took several 
hours. Comparisons are made only within the same groups, i. e. if the final 
evaluation will be done we expect results for five distinct types of production, what 
is natumlly far from an exhaustive examination. TI1e results are rather interesting, 
the statistical evaluation will take some more time, as no direct relationships could 
yet be determined. 

Similar results were gotten with the application of the hybrid system on the same 
FMS(TUB). 

4.5 Some basic features of the test problems 

There are some basic differences between the two problems we made experiments 
with: 

- The layout of the TUB system is really two-dimensional, with complicated 
trace for the AGV to follow. 

- The layout of the GoldS tar system is one-dinlensional, the machine tools are in 
one row, and there is a parallel row for the buffers, while the AGV moves on rails 
between the two parallel rows to easily serve both of them. 

- The task of the TUB system is more complicated as not only machining, but 
measurement and assembly functions are done, too, and the system is cell-based. 

- The GoldStar system does only machining with equivalent machine-tools 
- There is no substitution possibility for any of the resources in the TUB system, 

thus there cannot be alternative routings for the workpieces. 
- There is an almost infinite substitution possibility in the GoldStar system as all 

machine tools (and all buffers) are of the same type, thus alternative routings can 
be essential. 

-The TUB system has a 10 slot I/0 buffer and each resource has a 2 slot buffer 
for palette exchange. 
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- The GotdStar system has a 4 slot 1/0 buffer and each machine tool has a 1 slot 
buffer, and the system bas 42 further buffer storage places for temporary storage of 
palettes. 

Based on the above differences it is clear that we had completely different goals 
with the two sets of experiments: 

-We had the goal of hying to approach to the theoretical value of 5.57 days, 
which is a lower limit to the given production task in the GoldStar system. 

-The goal of the several test-runs on the TUB system was to figure out whether 
there are relationships between the different production tasks and different pre
scheduling and scheduling algorithms on a given FMS. 

4.6 Evaluation ofthe test-run results 

4.6.1 Tbe GoldStar system. For this example we did not deal with the sequence of 
filling up the 4 slot 1/0 buffer, but a fixed sequence was used for all test-runs. This 
was the following: 2xWhite, 2xGreen, 6xBrown, 18xBiue, 20xYellow and 
20xRed. This set of 68 workpieces was repeated 5 times. We made runs where the 
following algorithms (priority rules) were checked: the original embedded 
scheduling algorithm of SIMAN, and SI, LI, SR, LR, and LP. It is interesting, that 
the SI and SR rules gave exactly the same results, as well as the application of the 
LI and LR rules. It was surprising that all runs gave results within the range of 5.6 
to 6.1 days, i.e. all were very closed to the theoretical minimum, to the 5.57 days. 
The differences are so small that no reason to specially evaluate them. But, as we 
know that the FMS was designed to optimally produce the given parts in the given 
amounts we can tell that the results are not really surprising. There are two main 
factors that influence these results: the high speed, and neglected times of the AGV 
and the high amount (42) of temporary buffers. This way the full load of all 
machine tools can be reached for all time except of starting and finishing the shift. 
Similar results were gotten with the application of the KB system on the same 
FMS (GoldStar). 

Now we are in the process of checking whether that FMS is really flexible or 
not, and we try to make test runs with different production tasks of the same 
magnitude, as the real one is. The evaluation of the results will take a longer time. 

4.6.2 The TUB system. h1 spite of the very high amount of test-runs we still do not 
have enough results to have any kind of final conclusions concerning the FMS and 
the given production tasks on it. Just to give an idea on the measured time values 
some results were the following (see Table 3.) : 

Table 3. Some scheduling results of the TUB system 

Scheduling 
rules 

10,10,10,10 
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MQ UD MC MQ UD MC 
ED 624 638 587 1119 1158 1142 
SI 591 653 605 1143 1159 1175 
LI 625 622 604 1162 1183 1207 
LP 619 625 617 1170 1191 1194 

Based on the above and several similar tables we can get only rather general 
conclusions on the given FMS: generally the ED algoritluns are better than the LI 
ones, there are no significant differences between MQ, UD and MC, etc. 

5 SOME REMARKS ON THE APPLICATION OF SIMAN 

Since SIMAN is a language developed directly for FMS simulation it has some 
very pleasant properties which are missing from G2. For instance, in SIMAN it is 
very convenient to define a transport-device to follow a zigzag route - it is only 
necessary to define the route in t11e animation module. Then the transport-device 
can follow the route only by telling it the start and final station. On the contrary, in 
G2 a route following algorithm bad to be implemented and it did not reach the 
quality of the SIMAN animation (Cinema), of course it was not our goal, eitl1er. 
Another feature that would be of great use in G2, too, were the presence of 
predefined statistics and distribution functions. Statistics functions are used in 
numerical evaluation of the simulation results and distribution functions are 
required when we wish to randomly generate numbers with a given distribution. 

On the other band program development and model building are definitively 
easier in G2 than in SIMAN - even for simulation. The object oriented feature of 
G2 is one of its great advantages. 

6 CONCLUSIONS 

The implementation of our programs in SIMAN and G2 was fast enough, G2 was 
excellent to make the different experimental program runs. Data preparation is -
however- a tedious and time-consuming activity. 

There is a basic problem to be solved: if G2 and SIMAN are used together most 
data of the production plant, products and of the production have to be duplicated 
to be there in both systems. This should be avoided by using some kind of 
automatic data conversion between tl1e object oriented G2 and the traditional 
SIMAN. This is one of t11e interesting challenges for our future research and 
development- if we decide to keep SIMAN/Cinema for simulation and animation. 
Even if an object-oriented simulation package (e.g. ARENA, the recent version of 
SIMAN) is used, the problem is not solved automatically. 

Based on the test-runs we have to admit that experiments should be designed 
more carefully, and then more characteristic results can be obtained. In tl1e recent 
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set of tests we tested our programs, and we can conclude that they can be used for 
checking different possible production schedules of given FMS. On the other hand 
the test results are strongly FMS and production task related, so we could not yet 
find general ideas to suggest for scheduling new tasks. Further experiments should 
be done on different FMS with different production tasks to be able to define 
quality differences between the scheduling and dispatching algorithms (rules) 
discussed in this paper. On the other hand, differences between the pure G2 and the 
hybrid programs should be further analyzed. 
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Manufacturing is an activity for enriching the quality of human life by supplying 
various kinds of artifacts which provide us with more services than nature. 
However, with the increase of human activity, as a by-product of manufacturing, 
our natural environment is being degraded or polluted. These phenomena come 
mainly from too much consumption of energy and natural resources, and the 
disposal of waste. Tite probable effect of manufacturing activity today may be too 
much for the natural preserving capacity of the earth to absorb. If we can reduce 
the volume of industrial production, the problem may be solved. But, it is 
fundamentally difficult to reduce our industrial activity in spite of the natural 
human desire to attain a high quality of life. Therefore, the feasible solution should 
seek to keep the quality and volume of industrial activity while reducing the 
environmental burden of manufacturing. Towards tllis aim, we propose a concept 
of inverse manufacturing, where physical substances are re-used as much as 
possible, wllile tlte services or functions of products are maintained appropriately. 

To cope \vitlt tlte above issue, it is effective not only to consider t11e product design 
and manufacturing preparation concurrently, but also to design t11e total product 
life cycle as a whole from product planning, and through product design and 
manufacturing, to product usage, maintenance and re-use/recycling/disposal. A 
comprehensive strategy for product maintenance and improvement during product 
usage should be established, and all life cycle processes should be controlled. With 
such an approach, re-use/cycling activities can be rationalized. The whole product 
life cycle can be made visible and controllable. We call tllis approach Inverse 
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Manufacturing by stressing t11e controllability of re-use/recycling processes, where 
close cycles of manufacturing activity are preplanned and controlled. Inverse 
manufacturing is practically implemented today in maintenance-centered products 
such as aircrafts or heavy industrial machinery. Tllis concept can be extended into 
commodity products, such as household appliances or personal computers, etc. 

Inverse manufacturing can be the basis not only for the change of product life 
cycle into a closed cycle, but also for an itmovative paradigm sllift of industrial 
structure. Traditionally, manufacturing companies supply physical products to 
fulfil customer's demands. Once physical products are itt customer's hands, they 
are used, and finally tl1ey are disposed. But, the real demands of customers are not 
to possess physical products, but to receive appropriate services from products. In 
this sense, the new role of the manufacturing industry can be defined as a 
supplying industry, where manufacturing compallies maintain the total product 
operating environment, and customers only buy services in such all enviromnent. 
Tltis type of service environment is common in some industry areas, for example, 
in telephone and commmlication. Copy machines are another example. People 
rarely buy copy machines, but they just lease machines and pay for services. 
However, due to several teclulical, social, economical and political reasons, tllis 
new style of manufacturing is not totally popular for automobiles or electronic 
appliances. lftltis style is accepted by society, the environmental issues concenling 
manufacturing will be greatly reduced, because the environmental burden Call be 
controlled explicitly alld independently with the services for customers. Tlms we 
re-define the malmfacturing industry as a service industry. 

It is now almost obvious that the service industry concept based on inverse 
manufacturing will be a definite solution for our enviromnental problems caused 
by manufacturing. In addition to social, economical and political problems, there 
are mmty teclmical problems, such as, product life cycle modeling m1d 
mmmgement, deterioration modeling, re-use/recycling processes, monitoring of 
operations etc. Further research is desired for such problems. 
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Abstract 
Two major goals of the Auto Body Consortiwn(ABC) are to increase precision of automobile bodies and 
improve the agility of automotive manufacturing plants. To address the agility issues, ABC has targeted 
specific processes in automotive manufacturing to facilitate the infonuation integration and exchange 
among manufacturing entities. These processes, in conjunction with new technology, provide overall 
quality improvement in the automotive assembly, while reducing the amount of time to develop a new 
product. 
The purpose of this paper is to outline processes for improvement in agility using emerging metl1ods and 
standards. Tins paper \viii focus on tl1e identification of critical parameters and the communication of these 
parameters throughout the design and tuanufacturing processes. Key standards \viii be identified for use 
and extension. 

Keywords 
Infonnation Integration, Agile Manufacturing, Auto Body Consortium, Computer Aided Design, 
Measurement Systems, Standard for the Exchange of Product Model Data (STEP). 
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1. INTRODUCTION 

As companies are adopting strategies to reduce cycle time with leaner 
organizations, collaborative projects and information integration are frequently 
mentioned as methods for improving manufacturing productivity and agility. 
However, many times the communications among organizational functions are 
impeded by a lack of common tools and methodologies used to identify and 
communicate the important product features. This leads to a lack of understanding 
of the items and features that are critical to the overall manufacturing process. 
One of the major goals of the Auto Body Consortium (ABC); is to increase the 
precision of automobile bodies and improve the agility of automotive 
manufacturing plants. To address these issues, the ABC has targeted specific 
processes in automotive manufacturing to facilitate information integration 
exchange among manufacturing entities. These processes, in conjunction with new 
technology, provide overall quality improvement in automobile body assembly, 
while reducing the amount of time to develop a new product. 
The Standard for the Exchange of Product Model Data (STEP), ISO 103032, was 
developed to enable effective data exchange between commercial and proprietary 
product and process design systems. To achieve thi~ communication the standard 
permits the definition of data models, creation of a database and linkages to 
programming languages. This paper proposes to use this capability to integrate 
design and measurement systems. The opportunity exists to enhance 
communication between individuals performing product design, process design 
and verification activities. A further opportunity exists to permit intelligent 
communication between application languages and programmable devices. By 
extending STEP in this direction, people to people communications among all 
levels of the industry and the capture of knowledge will be enhanced. 

2. MEASUREMENT SYSTEMS ACTMTY MODEL 

The overall process for transfer of component design information to the 
downstream processes for designing and constructing dies, assembly fixtures, part 
handling equipment, measurement fixtures and measurement. procedures requires 
many different information models. For instance, the sub-assembly instmctions 
for joining of components parts and the "checking" or measurement instructions 
for critical dimensions in the sub-assemblies, involves the transfer of design 
information among many different types of design and manufacturing systems. To 
set the context of the information needs for the various systems, an "activity 
model", shown in figure 1, is used to describe the design, manufacturing and 
measurement opemtions that are required in each functional area. 
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Figure 1 Activity Model 

At each stage, the designers will need to identify critical parameters for fabrication 
and verification. These may be end customer features, assembly features or 
individual part tooling features. The use of labels in addition to Geometric 
Dimensioning and Tolerancing (GD & T) for each critical feature will permit all of 
the disciplines involved in the processes to effectively interact by supporting a 
continuity of understanding. These "feature labels" are used to identify critical 
parameters both for the upstream and the downstream systems and they enable 
both on-line and off-line measurements to be integrated and communicated to all 
parties. 
In the example shown in Figure 2, a sheet metal assembly is made by joining two 
sheet metal stamping parts. The product designer has identified the overall width 
as one of the critical dimensions for assembly to be made from two pieces. The 
assembly tooling engineers have specified holes and slots to accommodate pins for 
joining in subsequent assembly operations. The same holes are used to locate the 
assembly for measurement purposes and identify the relationships between the 
form and the holes as critical. The die engineers create the form in the first die 
operation and locate features such as flanges and holes relative to the form. 
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Figure 2 Example of sheet metal stamping and joining operation 

The measurement systems that the quality groups will use for the verification at the 
different process steps must have knowledge of these critical dimensions and their 
relationships throughout the various process stages. If there is an easily 
identifiable label associated with each critical feature contained in the drnwing, the 
measurement system will be simplified, minimize unnecessary measurements and 
contribute to producing quality parts. 
The identification of the critical features will also allow the different disciplines to 
consider the impact that their designs will have on the product. As the product 
moves through production the consistent identification will enhance the ability of 
the process engineers to communicate problems, and improvement suggestions 
effectively to the upstream design personal. 
In today's systems there is a gap in our ability to identify and transfer this data to 
different systems. There are standards which aid in the transfer of the 
configuration and graphical information, but these standards will need to be 
enhanced to transfer the identification of critical features. 
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3. CURRENT SYSTEM FOR MEASUREMENTS SYSTEM 
INFORMATION INTEGRATION 

Many tools for product design today provide the capability to model parts in a 3-D 
rendering which enables enhanced capabilities for integration of the "component 
parts" into the total assembly. As these component parts are integrated into a sub
assembly, the product designer can add additional detail to the parts to specify 
critical dimensions that must be met in the sub-assembly. These critical 
dimensions can be utilized to develop a "dimensional measurement" strategy to be 
used by the downstream measurement systems. 
These systems are highly dependent upon manual generation of "paper-based" 
documentation to define the critical measurements to be made on parts and sub
assemblies. The documentation is of the form of instructions and sequences of 
steps to perform the measurements. If new or different measurements are required, 
"new" instructions need to be developed and communicated. 
As the first pilot components and assemblies are built, certain manufacturing 
considerations may impact the component and assembly design. The ability to 
relate those manufacturing considerations back to the component or sub-assembly 
model require annotated changes to be included in the elemental design of the part. 

3.1 Impediments to information integration 
Improving the agility of a manufacturing organization many times requires 
significant changes in the process as well as the tools used in the process. 
Technology has enabled many improvements in the tools used in the 
manufacturing processes. Technology has also enabled more information about 
local processes to be gathered, stored, and retrieved. However, if this information 
cannot be clearly shared across functional areas, then only local improvements can 
be made. 
Many of the "information sharing" problems have been addressed by "concurrent" 
engineering tools0• This has enabled some of the problems associated with the 
"waterfall" model of product development to be solved. However, many of these 
tools simply "import'' information from an "upstream" tool into a unique 
proprietaJy environment This requires as many information "import" formats as 
there are tools. Conversely, the tool typically exports information in only one 
format unique to that tool environment Additional problems that may be 
encountered are: 

• Data transformation issues - When measurement systems are used, 
differences in data formats require a specific re-formatting process. 
System accuracy issues may impact the translation process. 

• Measurement systems integration - Measurement systems are 
primarily used for local process improvements. When measurement 
systems are used to feed information concerning the manufacturing 
process to upstream design functions, the information is not resilient; 
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that is, changes in measurement steps and the number of 
measurements require setting up new procedures. 

• Communication of measurement system information - Because of 
the need to support a distributed and changing supplier base, the 
communication of new measurement system requirements requires a 
configuration system to make it available to the "downstream" user 
measurement systems. 

4. EMERGING SYSTEMS IN INFORMATION SHARING AMONG 
CAD VENDORS 

Currently in the CAD tool environment, the above problems has been addressed 
for multiple users of CAD tools, shown in figure 3, in different design 
environments such as mechanical, electrical, electronic, etc. by developing 
standards which enable the "sharing" of information in a common way. An 
emerging standard, STEP provides a methodology for describing common aspects 
of a product, which are specific to a particular design disciplinei". 
STEP is an international standard for the computer-interpretable representation and 
exchange of product information. The objective of this International Standard is to 
provide a mechanism that is capable of describing product data throughout the life 
of a product, independent of any particular computer system. 

\ 

Figure 3 Information sharing among CAD users 
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STEP is composed of many parts as shown in figure 4. At the core of the standard 
are the Integrated Resources (parts 40-199, ISO 10303-40 through 199). The 
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Integrated Resources define the elements that would be common in many places 
such as shapes. product structure and geometric dimensioning and tolerancing. 
The common language used in all parts of the standard is EXPRESS (part ll). The 
EXPRESS language specifies data representations in both graphical and textual 
fonns. EXPRESS is a data definition language and as such is not directly 
executable, but parsers and bindings are available for several of the most 
commonly used application languages. 
The Application Protocols (parts 200-1999) are the parts of the standard that put 
the basics in the context of the working engineer. The Applications Protocol 
contains several parts, Scope, Application Resource Modei(ARM), Application 
Integrated Model(AIM), Confonnance and Validation, and User Documentation. 
The scope defines the field of application and bounds the problem. The ARM 
defines the infonnation requirements in tenns an engineer in the specific field 
would understand. The AIM translates the ARM into EXPRESS for application 
software developers. The Confonnance and Validation sections specify test suites 
and confonnance classes that will be used to compare different applications and 
implementations by the prospective end users. 

ARMs 

Application specific 
models with clearly 
defined scopes and 
functional requirements 

Resource Models 

Models and Structures 
involving relationships 
across those models, that 
are used to provide 
required functionality for 
application 

Application Reference Models 

Materials, Features, 
Tolerances, Shape 

Representation Interface, 
Nominal Shapes, Solids 

Geometry, Topology 

Figure 4 Application protocols in EXPRESS 

AIMs 

Formally describes the 
'mapping' between an 
ARM and the Resource 
Models 
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The actual exchange mechanisms that are in place at this time are for a flat 
physical file (ISO 10303 part 21) and an Application Programming Interface (API) 
to databases. The STEP Data Access Interface (SDAI) (SDAI-Part 22) also 
includes bindings for programming languages such as C, C++ and Common 
Object Request Broker Architecture (CORBA) interface description languages 
(idl's). 
While the first versions or implementation of the standard were primarily designed 
to accommodate exchanges between different CAD vendors of the same 
discipline(such as mechanical), the methodology also provides the mechanism to 
define information exchange to different disciplines (such as electrical, electronic, 
pneumatic, etc.). 

5. CURRENT EMERGING SYSTEMS FOR MEASUREMENTS 
SYSTEM INFORMATION INTEGRATION 

New systems are emerging to couple the measurement system information to 
provide access to the design systems. The accuracy information is maintained by 
keeping the information in a common software environment, as shown in figure 5, 
or "homogeneous-monolithic" system, or a "math-based" model of the 
information. Issues with data translation and transformation are minimized 
because, the "syntax" (the format) and the "semantics" (the meaning) of 
information are based upon the only one "user interface" in the system. 
This common view of the process information enables the upstream/ downstream 
flow of information to be handled quite efficiently. However, as new tool and/or 
features are added to the system, the "homogeneous" system must define all of tl1e 
information that is necessary to describe the product. This creates a tremendous 
burden for the developers of the "monolithic system" user interface tool 
environment, because the "user interface" for the design tools need to continually 
adapt as new requirements are identified. 
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Figure 5 Current emerging systems 

6. PROPOSED SYSTEM FOR MEASUREMENTS SYSTEM 
INFORMATION INTEGRATION 

This proposal builds upon tllis concept by first describing standard conventions and 
guidelines to be used from a particular discipline (such as mechanical design), to 
the measurement system environment Inclusion of the information to describe a 
particular "critical" dimension on a part enables tlte "downstream" process to 
"read" the desired information for measurement (see Figure 6 ). 

I 
I 
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Figure 6 Proposed systems 

The proposed system builds upon much of the work completed in the standards and 
methodologies for the exchange of product information, STEP. This proposal 
suggest methods for development of guidelines and conventions for the use of 
those standanls to enable the downstream activities to "capture" information from 
the "upstream" design processes, and to add value to this information by validation 
of "real measurement" information. 
One way that critical features could be identified using STEP is by adding the 
appropriate identifiers to the entities identifying shape and relationship. Figure 7i•, 
shows one possible way of doing this. The identifiers for "aspect_ criticality" and 
"aspect_relationship_criticality" could be added to the STEP AP-203 Data model 
as shown. This will allow features and spatial relationships to be identified as 
critical. 
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The ideal place for the identification of critical features to occur is in the Integrated 
Resources. The inclusion of this identification in the integrated Resources would 
allow for the propagation of the identification mechanism throughout the 
appropriate Application Protocols (AP). This inclusion would also facilitate 
interpretation of differing Mechanical AP's, such as Associative Drafting, 3-D 
Configuration Controlled Design and a possible future AP for measurement 
systems. 
The development of the 'measurement process" or "instructions" are then 
developed independently of the "design process." Changes to the design can then 
be "earmarked" for the measurement system (to denote needed changes to the 
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insttuctioos). While the sequence of instructions for measurement of the part are 
not important to the designer, the resultant information may provide information to 
the manufacturing process engineer in tenns of process capability, and information 
to the Statistical Quality Control (SQC) tools. 

7. SUMMARY 

Information Integration from both upstream/ downstream design and 
manufacturing activities will become more complex as the capabilities of the tools 
at each stage of the process improve. The key to controlling and enhancing this 
process is the utilization of information standards. The clear definitions of the data 
in the STEP standards will allow information to be shared and clearly understood 
by both upstream and downstream systems. The sharing and integration of this 
data eliminates redundant entry of data, speeds the process, increase capability and 
increases quality. 
The use of standard methodologies enables technology improvements to occur at 
each stage of the design and manufacturing process without requiring all 
improvements to take place at once. As each process tool improves, the process 
improvements can be made incrementally. New design and analysis functions can 
be added without disruption to the manufacturing process provided that the tool 
supports the appropriate interfaces. 
Much as the GD & T standards have enhanced the ability of the designers to 
communicate the design information clearly and easily, information standards will 
continue to facilitate the communications. 
The continued enhancement and use of these standards in design and 
manufacturing tools will offer manufacturers several advantages. 

• Common identification of critical features will minimize tooling and 
measurement errors and expedite the problem solving process when 
production problems occur. 

• Manufacturers will be able to draw from a wider supplier base due to 
increased information transmission capabilities. 

• Manufacturers will be able to choose the best tool at the time, not the 
best tool that can accept the existing format. 

By first adding the ability to identify the critical relationships in the STEP data 
model the ground work is being laid for the future development of a STEP 
Application Protocol (AP) for Measurement Systems. The development of a 
Measurement Systems AP will allow the seamless information integration with of 
the manufacturing systems, quality systems, product design systems and tooling 
systems. This level of integration will allow manufactures to realize significant 
performance and quality improvements while maintaining or decreasing overall 
costs. 
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Abstract 
As competitive pressures demand higher levels of productivity and product quality, 
the accuracy and reliability of products remains important but becomes 
increasingly more difficult to achieve. The dimensional inaccuracy of any 
manufactured part is a combined effect of several degradation factors including 
process related errors, machine related errors, fixturing related errors, material 
property variation, and dimensional variation of the incoming parts or raw 
material. The inspection· processes have become an integral part of the 
manufacturing processes and form the metrology anchor to determine the quality 
of manufactured products and to certify the performance of manufacturing 
processes. However, there still remains a lack of a comprehensive methodology, to 
identify and assess the contribution of those factors that cause variation in product 
quality, based solely on inspection data. 

The objective of this study is to advance the technology, precision, and 
functionality of machining centers by developing a sensor-fusion methodology that 
integrates pre-process. on-machine, and post-process measurement and analysis 
technology to cost-effectively enhance the accuracy and precision of both 
manufacturing and inspection processes. Tite primary effort is directed at the 
development of a sensor fusion methodology that captures the part error signature. 
Non-traditional sensory data analysis algorithms will also be developed to identify 
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the contribution of each degradation factor, based solely on the error signature. 
Finally, an adaptive machining process control algorithms will be derived to 
reduce product quality variation. 

Keywords 
Sensor-fusion, Error modeling, Error correction, Product variation reduction. 

1 INTRODUCTION 

A significant portion of the cost in small batch manufacturing results from 
verifying workpiece fonn, finish, and dimensions, and then scrapping or reworking 
rejected parts. Historically, inspection data was used to determine whether or not a 
manufactured part met specifications. If it did not, it was reworked or rejected. 
Recently, significant progress has been made in determining the quality of 
manufacturing products and certifying tlte performance of manufacturing process 
(ANSI, 1985, 1990, 1992, 1994). Inspection procedures are commonly used to 
identify the resultant variation in product quality. Now inspection devices like 
coordinate measuring machines (CMMs) can provide data about how far a part is 
in or out of tolerance. This data is now being used to make manual adjustments to 
machining offsets and process parameters. 

Ideally, the same inspection data should also be used for controlling and reducing 
the process variation. In reality, it is a very difficult task due to the lack of 
methodology that leads to the detennination of tlte actual contribution of each 
degradation factor in affecting the product quality variation. In anticipation of the 
future of manufacturing teclmology, when machine tools are equipped with open
architecture controls and advanced sensing technology, the information from these 
sensors must be processed and used to make adjustments at the machine level. 
Therefore, there is a critical need to develop such methodology to identify the 
contribution of each degradation factor by innovatively interpreting the inspection 
results. In order for this vision to be realized, it is necessary to develop analytical 
models between dimensional measurement sensor data and the factors that result in 
increased process variations. These models do not yet exist, but can be developed 
from in-depth analysis encompassing advances in machine tool metrology, 
dimensional metrology, and process control. 

To achieve this goal, sensor-fusion technology and non-traditional inspection 
analysis techniques are needed to identify the signature and contribution of various 
factors that cause variation of product quality in dimension [Swyt, 1992], form 
(Menq, et al., 1990), surface finish (Shin, et. al., 1995), and sub-surface material 
properties (Nguyen, et al., 1995). Meanwhile, part features produced by different 
machines with specific manufacturing processes will have different signatures. 
Therefore, there is a need to develop algorithms to assist the process of selecting 
the proper sensors, sampling procedures, and the sampling size for each feature 
(Woo & Liang, 1993; Lee & Mou, 1996). To ensure the quality and reliability of 
inspection process, measurement uncertainty and error needs to be addressed for 
all data acquisition activities (Hocken, 1995). 
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The efforts of this study are to develop a sensor-fusion methodology that 
integrates the aforementioned technologies to capture the signature of part quality 
variation. Innovative sensory data analysis algorithms also need to be developed to 
identify the contribution of each degradation factor, solely based on its individual 
error signature. Further, adaptive machining process control algorithms need to be 
derived to reduce product quality variation. The result could significantly advance 
the aa:uracy and functionality of automated machinery. This study is trying to 
provide a means for integrating more sensing and analyzing capabilities at the 
machine level, and to generate methods for deriving information describing 
machine, process, and fixturing related errors from various sensor-fusion 
techniques. From gauging the part where it is machined, to post-process fixture 
gauging that can be tied into on-machine gauging to audit the machine, the 
methodology developed under this study could reduce cost and dramatically 
improve manufacturing performance. 

A major goal is to make high quality parts with the least amount of scrap. Other 
objectives of this project are to integrate data acquisition and evaluation functions 
with machining functions, provide on-line quality analysis and feedback, and 
develop methods of using sensor data to perform real-time adaptive sensor 
feedback process controls to reduce overall product variations. Since more accurate 
and on-time product monitoring and control will be achieved, the methodology 
will improve part-to-part repeatability, increase flexibility, reduce cycle time, and 
increase the accuracy of the machined features. The resulting technology 
advancement and implementation will benefit industry in reducing production 
costs and increasing competitiveness. 

Given that the research is successfully executed, the cause and effect relationship 
of product and process variation resulting from machine related errors, process 
related errors, and fixturing related errors can be identified and then minimized. 
Meanwhile, the results of developing non-traditional measurement procedures and 
sampling strategies will advance the teclmology in extracting information that truly 
represents the actual dimensions and the form of measured features. Therefore, the 
accuracy and reliability of both manufacturing and inspection processes can be 
improved dramatically. The developed methodology that integrates sensor-fusion 
technologies could significantly facilitate the implementation of the error modeling 
and correction techniques in performance monitoring and tracking for 
manufacturing processes. The developed algorithms can then be implemented on a 
PC-based open-architecture controller (Wright, et. al., 1996) to receive infonnation 
from various sensors, assess the status of the process, detennine the proper action, 
and deliver the command to actuators for task execution. This will enhance a CNC 
machine's capability to produce workpieces witllin the imposed dimension 
tolerances. 

This project has proceeded in several dimensions in parallel. In the following 
sections, only selected major elements are discussed in detail. 
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2 MID'HODOLOGY 

Multi-axis machines are typically composed of a sequence of elements or links 
connected by joints., providing either rotational or translational motion. By means 
of a kinematic analysis. each link and joint can be modeled as a link transformation 
matrix and a joint constraint matrix, respectively. There are two types of kinematic 
relationship between two adjacent components: stationary transformation and 
motion transformation. Machine errors result from both imperfect stationary 
configuration and imperfect motion of those components. The spatial displacement 
error of the cutting tool or end effector is affected by the translational and 
rotational errors in each individual axis. 

A kinematics-based analytical model is derived to describe the degradation effect 
of machine error (i.e., spindle growth, linear displacement error, straightness error, 
etc.) on a part's dimensional and form accuracy. A generic model generator has 
been developed to enable analysts to systematically formulate an appropriate error 
model that establishes the relationship between the component errors and the 
observed volumetric errors for various machine configurations. An explicit, 
parametrically represented generic function describing the machine error is 
therefore obtained. For error compensation, the corrective matrix and modified 
input command is also derived using this generic function. The generic model 
generator is based upon the concepts of functional variation, rigid body kinematics, 
and homogeneous transformation. 

To include the physical imperfections of a multi-axis machine, the link 
transformation matrix, L;, is used to describe the relative position of two 
coordinate systems on an inaccurate link (Mou & Liu, 1992). The joint constraint 
matrix, J;, is used to describe the relative motion of two coordinate systems along 
an imperfect prismatic or revolute joint. A homogeneous transformation matrix, A;, 
for an inaccurate positioning element is then expressed as A; = L; * J;. Given any 
multi-axis ffiilChine with an arbitrary combination of prismatic and revolute joints, 
this homogeneous transformation matrix is used to build a mathematical model 
describing the resultant positioning errors as follows: 

[e.,]= [T -I][i;deal] =[[~[A;)]- [I] ]rf;dorad (1) 

The input to the error model includes the nominal tool positions, temperature 
profile of the machine structure, and machine configuration constants. The output 
of the error model is the predicted machine tool error within the designated 
workspace. 

The major advantage of tllis modeling approach is that a kinematics based model 
provides a systematic way to model, estimate, and compensate for the positioning 
error of a multi-axis machine. By using the inverse kinematics technique, the 
contribution of each error component in each axis can be systematically 
determined. The information is subsequently used to calculate the error 
compensation signal for each axis to correct machine error. For machine error 
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correction, the relationship between the error compensation signal and the 
corrected position vector of the tool tip is expressed as 

[r com,.~~~t~ted l = l TJ l ;:tool + e c I (2) 

Rearranging the matrices. the error compensation signal is then obtained as 

[eel= [7""1 -l][rtoo/1 (3) 

Commercially available software (for example, MAPLE or MA THEMA TICA) 
with symbolic manipulation functions are used in developing the proposed generic 
model generator. Boolean algebra are used to eliminate the cross over terms in 
stepwise fashion and, thus, to reduce the complexity involved in the derivation of 
the model. A window based graphical interface is currently been developed to help 
the analysts graphically formulate the manipulating sequence of transfonnation 
matrices for various machine configurations. Once the sequence for matrix 
manipulation is determined, the developed generic function can then automatically 
generate the corresponding resultant transformation matrices for both machine 
error modeling and compensation. 

To fully utilize the derived generic model for machining system performance 
assessment, the appropriate sensors and sampling techniques for capturing the 
signature of various degradation factors need to be determined. In tlli.s project, 
touch-trigger probes are used in on-machine gauging and post-process inspection 
to determine the dimensional accuracy of manufactured parts. Analog scanning 
probes are used in on-machine gauging and post-process inspection to determine 
the form accuracy of manufactured parts. In a second phase of tltis project, a video 
probe will be used to inspect surface texture, burr fonnation, chip breaking, and 
tool wear. The inspection data collected from different sensors not only provide 
information on part quality variation but also on machine perfonnance variation. 
For example, by comparing the data obtained from on-maclli.ne measurement and 
post-process inspection, t11e variation in maclli.ne accuracy at various tltennal states 
can alsO be captured. The degradation effect of process related errors (i.e., tool 
deflection, tool wear. cutting force related workpiece deformation, chatter, etc.) on 
a part's dimensional accuracy, fonn accuracy, surface texture, and surface 
finishing can also be characterized. 

For any monitoring or inspection activity, sampling metllods used in data 
collection will affect the precision of tile measurement results. Because the 
analysis model and algoritltms consider only those data points tllat are sampled, 
any valuable infonnation represented by the unsampled points will be overlooked. 
Therefore, sampling strategies should be carefully considered during tile data 
collection. From a statistical viewpoint, sampling metl10ds and tlleir designs are tile 
keys to pennit valid inferences about any inspection result. Each set of measured 
data contains a certain amount of infonnation about the inspected object. The 
quantity of infonnation obtained in tile sample depends on tile number of data 
points sampled and on the amount of variation in the data. 
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Since different features produced by a particular type of machine or machining 
process will have different signatures, algorithms need to be developed to assist the 
process of selecting the proper sampling strategy and the sampling size for various 
features. A feature-based sampling strategy (Lee & Mou, 1996), based on the 
Hammersley sequence (Woo & Liang, 1993) and the sttatified sampling method, is 
implemented to locate sampling points on different geometric features. The design 
of the sampling Strategies and the sample size determine the quantity of 
information in the sample pertinent to a population parameter, provided that 
accurate measurements are obtained on each sampled element Usually, the best 
design for a given problem is the one that provides the necessary precision in terms 
of a bound on the error of estimation for a minimum cost. Statistical methods are 
used to determine the proper sampling rate. Meanwhile, the number of specified 
measuring points and its relation to time, cost, and accuracy is currently been 
investigated. 

For all data collection activities, measurement uncertainty needs to be understood 
and minimized. Since various sensors will be used in this sensor-fusion based 
projects, the measurement uncertainty assessment becomes more complex 
especially when machine errors are present. Case studies are conducted to 
investigate the effect ofbotlt individual and confounded measurement uncertainties 
resulting from sensors and measurement procedures. For example, in most 
inspection operations using a CMM, the data acquisition process is conducted 
while controlling each axis either individually or simultaneously. Nevertheless, for 
all operation modes, the errors in each axis will affect tile measurement accuracy. 
The degradation effect will vary as a function of the characteristics of the machine 
error and the geometric feature of tile measured artifact. As shown in Figure 1, 
when a designated nominal point N = (xM y,U on the workpiece is measured, the 
measuring process can be divided into two stages. In the first stage, the probe is 
quickly moved to a temporary point N1 = (XNt• YNU which is a nominal point 
relative toN. Usually, for every measuring machine, the distance between Nand N1 

is the default or user selected approach distance d. From point N1, the probe is tllen 
moved slowly toward the designated measurement point N in tile second stage to 
assure an accurate measurement. 
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Figure 1 Potential error in measuring a circular feature along the nonnal direction. 

If there are machine errors (4 and 4) in both x-axis andy-axis, the probe may not 
be exactly located at the point N1, but will be located at P1 instead. Then, the probe 
will be moved along the designated approach direction that is usually parallel to x
axis, y-axis, or nonnal to the feature surface until a contact occurs. However, due 
to machine related error, the machine controller cannot detect the error and may 
command the probe to move along a path slightly different from the designated 
path. The offset of the new path is a function of machine errors. Depending on the 
relative measurement direction and geometric characteristics of the measured 
feature, the inspection data will be contaminated by different types of confounded 
uncertainties. For example, when the probe finally contacts the measured feature at 
point Pfi the machine controller may interpret the point P1 as point N1 based on the 
distance the probe traveled. Therefore, the uncertainties result from the machine 
errors and the geometry characteristics of the measured feature, as well as tlte 
dimensional imperfection of the measured feature. 

Generic analytical models and computational algorithms are derived to assess the 
confounded effect of various types of uncertainties occurring in common 
measurement procedures. To improve the effectiveness of machine performance 
calibration and on-machine inspection process, analytical methods are derived to 
assess the confounded effect of machine errors, geometric characteristics of 
measured features, and dimensional imperfection of measured features. The 
development of the analytical models and computational algorithms is carried out 
in several sequential steps. In the first step, tlte uncertainty effect of an imperfect 
measuring device is considered while assuming the measured features have perfect 
dimensions and forms. Titerefore, tlte confound effect is a joint product of the 
equipment imperfection and geometric characteristics of the measured features. In 
the second step, the uncertainty effect of an imperfect measuring device, the 
geometric characteristics, and dimensional imperfection of the measured features 
are considered. 
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After analytical models are derived for various uncertainty effects, new 
measurement methods and algorithms for uncertainty decoupling and reduction 
need to be developed. The effectiveness and the limitation of the derived 
uncertainty models. the uncertainty decoupling and reduction algoritluns need to be 
investigated. Simulation and experimental analysis are then conducted to validate 
the effectiveness of the derived method (Lee, et. al., 1997a, b). 

Since the dimensions and the form of each manufactured feature always differ 
from the nominal dimensions and the perfect form, most existing fitting algorithms 
cannot provide the information needed for part error signature characterization. For 
part error signature characterization, we need to know the actual dimensions and 
the geometric form of the manufactured feature instead of the substitute features of 
perfect geometric forms. Therefore, an alternative way of sampling and analyzing 
data is needed to extract feature parameters that buly represent the actual 
dimensions and the form of measured features. 

-- I Interactive 
Inapectlon Syatem 

I 

Figure 2 Interactive inspection system and part error characterization. 

An interactive inspection algoritlun, as shown in Figure 2 (Mou, et. al., 
1995), is developed to compare the inspection data obtained from both on-machine 
sensing and post-process inspection to identify systematic dimensional and form 
errors. The results of the proposed interactive inspection algoritlun will be used to 
i) compare the data obtained from on-machine and post-process inspections, ii) 
decouple the machine related error and process related error, and iii) identify the 
contribution of each error component. 

To characterize the machine related error, the geometric inaccuracy must be 
related to the error components that compose the volumetric machine error. A 
feature-based analysis method is developed to decompose the geometry of any part 
into a collection of basic geometric features (such as cylinders, cones, circles, 
hemispheres, planes, etc.) as defmed in Dimension Measurement Interface 
Standard (DMIS, 1990). A feature-based comparison method is also developed to 
identify and then decouple the effect of machine related and process related errors. 
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The same inspection information is used to verifY the effectiveness of the on
machine inspection and machine error characterization. 

After the degradation effect of machine error and process error are identified and 
decoupled, the inspection analysis results can then be used to extract information 
regarding error resulted from tool wear, tool deflection, chatter, and 
fixture/workpiece deformation. The dimensional inaccuracies of different features 
can be used to extract information regarding the systematic machine error and 
process error. For a particular type of machining process, the potential error 
sources for each feature can be categorized and used to derive a set of diagnostic 
equations to identify the individual degradation factor. As the contribution of each 
degradation factor to part quality is determined, the results can be used by the 
adaptive error correction system to itemtively improve the machine performance. 

Figure 3 Integmted error modeling system for mpid characterization of 
error signature. 

In this project, as shown in Figure 3, an innovative approach is also developed to 
simplify the parameter estimation and validation phase by intemctively integrating 
neural networks and those derived generic models (Mou, 1997). The developed 
integrated system can tmck the time-varying part quality variation by adapting 
current inspection results obtained from various sensors. The goal is to develop a 
fast cbarncterization process to build a model for characterizing the variation of the 
production process by adopting a sensor-fusion approach. 

In deriving the coefficients of the proposed integrated system, there is no 
measured data available for direct comparison with the neural network output. 
Instead, the difference between the predicted value from generic models and the 
measured value is used to tmin the neuml network. Therefore, a new training 
algorithm is developed for tllis integrated error modeling system. For data-adaptive 
updating purposes, the gradient-descent direction method is adopted in deriving the 
tmining algorithm. Issues related to convergence rate, stability, training rate, and 
number of hidden nodes are also investigated. 

A methodology is currently being developed for using on-machine inspection 
techniques to identify the fixturing related error in terms of offset in part datum co-
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ordinates and the defonnation of the workpiece and fixturing components due to 
the clamping forces and clamping sequence. The goal is to develop a method for 
shop floor personnel to conduct a quick checking, after clamping forces are 
applied, on the defonnation of critical machining surfaces. 

An adaptive algorithm is currently being derived for iteratively identifying the 
contribution of each degradation factor. The output of the adaptive algorithm will 
be merged with the cutting force prediction model, next generation inspection 
system (Jones, et al., 1996), and the plug-and-play software development 
environment of Figure 4 (Furness, et.al., 1996) that is currently under development 
by Ford's research engineers to determine the proper setting of NC tool path, 
tooling, fixturing, and machining parameters to minimize the variation in part 
quality and production cost. 

I Measumn~ ~ (Sensor) 1 c Modd• : 

\~I 

Machine 
Models 

·-- ------ ---- ..... -............ -

Proa:ss 
Models 

MeasURIIlcnt 
) (Sensor) 

Models 

\ll_ 
Machine 
Model a 

Figure 4 Plug-and-play software development environment. 

A recursive fine-tuning algorithm, as shown in FigureS (Mou, et. al., 1995a, b), is 
also being derived to iteratively refine the model. The objective is to investigate a 
concept for developing an adaptive error correction system that integrates t11e 
methods and algorithms proposed in previous sections to facilitate the following 
procedures: (1) identification of t11e systematic degradation factors, (2) 
development of the multi-variable model for part error estimation and 
compensation, (3) detection of tile residual systematic errors tl1at are not 
considered by the model using information obtained from botll on-machine sensing 
and post-process inspection processes, ( 4) identification and characterization of the 
contribution of each residual systematic degradation factor, and (5) fine-tuning the 
model parameter for more accurate part error estimation and compensation. 
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Figure 5 Recursively fine-tuning the model for part error estimation and 
compensation. 

By using the feature-based analysis method discussed in the previous 
section, the contribution of the degmdation factor can be iteratively monitored and 
determined. As the manufacturing process proceeds, this process is iteratively 
executed as more information regarding the part error signature becomes available. 
Therefore, the inference space of the proposed integrated part error modeling 
system is continuously updated. 

3 CONCLUSION 

This research is motivated by the need to develop innovative and cost-effective 
methods to advance the machine technology for precision and agile manufacturing 
applications. The impacts of the research can be summarized as follows. 

The results of the research will significantly advance the accumcy and 
functionality of manufacturing and measuring equipment. This research effort is 
devoted to the improvement of the precision of machining centers through 
advances in dimensional measurement and analysis techniques. This research 
provides methods for integrating more sensing and analysis capabilities at tbe 
machine level. The developed sensor-fusion methodology provides the mechanism 
for determining the degradation effect of machine error, process error, and 
fixturing error on part quality variation. The derivation of uncertainty models for 
sensor setting and measuring processes will significantly contribute to tbe 
development of novel techniques for data sampling and analysis, and thus will 
have a significant impact on precision manufacturing. 

The results of advancing the on-machine and post-process sensing and analysis 
techniques will have significant impact on research into precision and agile 
engineering applications. The research results can be used to identify. decouple, 
and then minimize confounded measurement uncertainties. The results of 
developing innovative measurement procedures and sampling strategies will 
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advance the technology in extracting information that truly represents the actual 
dimensions and the fonn of measured features. Therefore, the quality and 
reliability of the inspection data can be improved dramatically and a more accurate 
and meaningful conclusion can be drawn. 

The development of an adaptive error modeling system with sensor-fusion 
technologies will significantly facilitate the implementation of the error modeling 
and correction techniques for various manufacturing equipment The adaptive error 
modeling system can be easily implemented on a PC based open-architecture 
controller to receive information from various sensors, assess the status of the 
process. detennine the proper action, and deliver the command to actuators for task 
execution. This will enhance machine capabilities to produce workpieces within 
the imposed dimension tolerances. 

4 REFERENCES 

ANSI/ASME PTC 19.1-1985, 1985, Measuring Uncertainty, ASME, New York. 
ANSI/ASME B89.1.12M-1990, 1990, Methods for Performance Evaluation of 

Coordinate Measuring Machines. ASME, New York. 
ANSI/ASME B5.54-1992, 1992, Methods for Performance Evaluation of 

Computer Numerically Controlled Machining Centers, ASME, New York. 
ANSI/ASME Yl4.5M-1994, 1994, Dimensional and Tolerancing, ASME, New 

York. 
DMIS, 1990, "DMIS 2.1," Specification CAM-I Standard 101, CAM-I, Inc., 

Arlington, TX. 
Furness, RJ., Jones, S.D., Rankin, J.S., Muth, M.J., Wei, K.C., and Copper, J.C., 

1996, "Control System Requirements to Support Intelligent Sensor-Based 
Manufacturing," Proceedings of the 1996 fPC Conference and Exposition, 
pp.SS-62. 

Hocken, RJ., 1995, "Measurement Integration," in Coordinate Measuring 
Machines and Systems, edited by Bosch, J.A., Marcel Dekker, Inc., New York. 

Jones, S.D., Furness, RJ., Muth, M.J., and Rankin, J.S., 1996, "Agile Metrology: 
The Next Generation of Measuring Machines," Proceedings of the 1996 fPC 
Conference and Exposition, pp.97-102. 

Lee, G. and J. Mou, 1996, "Design the Sampling Strategy for Dimensional 
Measurement of Geometric Features using Coordinate Measuring Machine, 11 

Proceedings of Japan-U.SA. Symposium on Flexible Automation, pp.1193 -1200. 
Lee, G., J. Mou, andY. Shen, 1997a, "An Analytical Assessment of Measurement 

Uncertainty in Precision Inspection and Machine Calibration, 11 International 
Journal of Machine Tool and Manufacture, Vol. 37, No. 3, pp. 263-276. 

Lee, G., J. Mou, and Y. Shen, 1997b, "Decoupling the Confounded Effect of 
Machine Error and Geometric Characteristics of Artifacts in Precision 
Measurement and Machine Calibration, 11 submitted to ASME Transactions on 
Journal of Manufacturing Science and Engineering. 



410 

Menq, C.-H., Yau, H.-T., Lai, G.-Y., and Miller R.A., 1990, "Statistical Evaluation 
of Form Tolerances Using Discrete Measurement Data," Proceedings of ASME 
WinterAnnua/Meeting, pp.l35-149. 

Mou, J, and Liu, C.R., 1992, "A Method for Enhancing the Accuracy of CNC 
Machine Tools for On-Machine Inspection," Journal of Manufacturing Systems, 
Vol.11, No.4, pp.229-237. 

Mou, J., Donmez, MA., and Cetinkunt, S., 1995a, "An Adaptive Methodology 
Using Features-Based Analysis Techniques for Machine Performance 
Improvement: Part I - Theory Derivation," ASME Transactions on Journal of 
Engineeringforlndustry, Vol.ll7, No.4, pp.584-590. 

Mou, J., Donmez, MA., and Cetinkunt, S., 1995b, "An Adaptive Methodology 
Using Features-Based Analysis Techniques for Machine Performance 
Improvement: Part II - Experimental Verification," ASME Transactions on 
Journal ofEngineeringfor Industry, Vol.ll7, No.4, pp.591-600. 

Mou, J., 1997, "A Method of Using Neural Network and Inverse Kinematics for 
Machine Tool Error Estimation and Correction," ASME Transactions on 
Journal of Manufacturing Science and Engineering, Vol.ll9, No.2, pp.247-
254. 

Nguyen, T.L., Furgason, E.S., and Shin, Y.C., 1995, "Feasibility Assessment of 
Residual Stress Measurement by an Ultrasonic Technique," Transactions of the 
North American Manufacturing Research Institution ofSME, pp.287-292. 

Shin, Y.C., Oh, S.J., and Coker, S.A., 1995," Surface Roughness Measurement by 
Ultrasonic Sensing for In-Process Monitoring," ASME Transactions on Journal 
ofEngineeringfor Industry, Vol.ll7, No.3, pp.439-447. 

Swyt, D.A, 1992, Challenges to NIST in Dimensional Metrology: The Impact of 
Tightening Tolerances in the U.S. Discrete-Part Manufacturing Industrv, NI.STIR 
4757, National Institute of Standards and Technology, MD. 

Woo, T.C., and Liang, R., 1993, "Dimensional Measurement of Surfaces and Their 
Sampling," Computer-Aided Design, Vol.25, No.4, pp.233-239. 

Wright, P., Schofield, S., and Wang F.-C., "Open Architecture Control For 
Machine Tools," Proceedings of 13th Symposium on Engineering Applications 
of Mechanics: Manufacturing &ience and Engineering of 1996 CSME Forum, 
pp.1-17. 



38 
Evaluation of roughness of machined 
surfaces using vision system by 
phase shifting method 

M.B.Kiran B.Ramamoorthy V.Radhakrishnan 
Department of Mechanical Engineering 
Indian Institute of Technology 
Madras- 600 036, India. 
Tel : 044-2351365 Ex: 3632 ; Fax : 91 44 2350509 I 2352545 
E-mail: ramu@acer.iitm.ernet.in 

Abstract 
Evaluation of surface roughness has assumed considerable significance due to the 
better understanding of its role on the performance of the components. To 
overcome some of the drawbacks of the stylus method, optical methods were 
developed, which include using principle of interferometry. In this work an 
attempt is made to evaluate the surface roughness of machined surfaces by phase 
shifting method. 

Key words 
Vision inspection, Roughness evaluation, Phase shifting method. 

1. INTRODUCTION 

Surface roughness evaluation has assumed considerable significance due to better 
understanding of its role on the performance of the component. The most popular 
method of surface roughness evaluation is by stylus method. The stylus method is 
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contact in nature which has a limitation in measuring speed. In order to overcome 
some of the drawbacks of the stylus method, other methods were developed and 
most of them are optical. The electro- optical methods though fast do not provide 
enough information for the full characterisation of the surface. 
One of the methods employed widely for the surface roughness assessment is by 

using the principle of interference of light. Interferometry produces interference 
fringe pattern when two or more light waves combine in phase after travelling 
different path lenghts. interact with each other. Traditionally, interferometry has 
been used to determine surface roughness (Bruning, eta/., 1974; Bennett, 1976; 
Cheng and Wyant, 1985; Ai and Wyant, 1987;Larkin and Oreb, 1992) and 
construct the topography of the surface. The reconstruction of the surface 
topography from fringe patterns has been accomplished by several different 
methods. Perry eta/. (1983) created the topographic map of the surface using the 
undulations of the fringe centre lines. Bruning eta/. (1974) introduced the phase 
shift interferometry which uses surface reconstruction method. The phase shift of 
each point on the fringe is calculated and converted into height thus creating the 
topographic map of the surface. 
Many phase shifting algorithms that perform well with sinusoidal or near 

sinusoidal periodic wave fronts have been developed (Gierloff, 1987). In this work 
an attempt is made to evaluate the surface roughness by phase shifting method. A 
vision system is used to grab and analyse the fringe patterns. It is different from 
the previous methods in that the method does not use complex optical set-ups. 
Moreover the conventional interferometric measurements are restricted to highly 
reflecting surfaces. 

2. PRINCIPLE 

The interference concept is based on the superposition property of the coherent 
light waves. For example, if two waves of initial amplitudes 'a' and 'b' with the 
same wavelength 'f..' leave a source and travel by different paths and then arrive at 
the same point in space, where superposition occurs, the complex amplitudes of 
the resultant waves is given by the sum of the complex amplitudes of the initial 
waves. Consider two wave trains 'E1' and 'E2' that are given by 

2ikl 
E1 (x,y) = ae 
E2(x,y) = be 2ikw(x.yl 

where a and b is denote the wavefront amplitudes and 

21f 
k=-

A 
where, 'k' is the wave number and ''A' is the wave length of light. 

(1) 

(2) 

(3) 
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'I' is the mean path length from the reference surface and the 'w(x,y)' is the mean 
path length of the test surface. These two waves join together and produces the 
resultant wave 'Ep'. which is given as 

Ep (x, y) = E1 (x, y) + E2 (x, y) (4) 

The energy flux or intensity of a wave is proportional to the square of the 

amplitude of the wave field or E P * E P • , E P • is the complex conjugate of Ep. 

From this the intensity distribution in the interference pattern is given as 

l(x, y) = A+B cos (4l(x, y) +a.) (5) 

where, 'A' is an unknown constant due to background intensity, 'B' is an 
unknown constant due to fringe contrast, '41' is the required phase difference and 
'a.' is the added phase difference. 
The intensity distribution, I, can be used to reconstruct the surface topography of 

the specimen. For each position (x,y) in the interference pattern, the phase or the 
wavefront that corresponds to the surface height w(x,y) can be found within some 
multiple of 21t. 

"'( ) [14 (x,y)-12 (x,y)] ., x,y = arctan --=-..;,_;,~--=-;....._;~ 

11 (x,y)- 13 (x,y) 
(6) 

Since the phase 4> (x,y) is determined by using an arctangent function, it is 
restricted between -n: and 1t. Hence a consistency may arise in detennining the 
fringe order. This constitutes the unwrapping phase problem, which is important 
in digital fringe analysis (Bone, 1991; Asundi and Chan, 1994). The one 
dimensional phase unwrapping problem is simpler. These algorithms have been 
extended to two dimensions (Macy, 1983). They are based on addition or 
subtraction of 21t when the phase difference between the two adjacent points is 
greater than 1t. First, each row is scanned and then the process is repeated into 
each column and depth of surface points is calculated using the following 
equation. 

De th = _p_[(Jobj- (Jref] 
p 21r tanO 

(7) 

Where 'p' is the pitch and '8' is the angle of projection. 
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3. EXPERIMENTAL PROCEDURE 

In this method a micro computer based vision system is used for image acquisition 
and analysis. In the measurement process, a projector is used to project a 
computer generated grating pattern onto the surface to be inspected. The pitch and 
the type of the intensity distribution can be varied using a software. Specimens are 
made to varied roughness by different manufacturing processes, which include 
shaping, milling, EDM, casting and sandblasting. The specimens are made to 
different roughness by using different machining parameters ( speed, feed and 
depth of cut). Figure 1 shows the images of the different specimens used in the 
experiment. 
Figure 2 shows the experimental set-up. The specimen to be inspected is kept in 

position and is illuminated using grating projector at 45 degrees. The projected 
pattern will be deformed in accordance with the surface irregularities. The 
deformed grating pattern is captured using a CCD camera. Figure 3 shows the 
projected grating patterns on sand blasted surfaces as seen through the CCD 
camera. 
The digitised image is stored in one of the four frame buffers. The specimen to 

be inspected is then moved by distances equal to p/4, p/8 and p/16. where 'p' is the 
pitch of the grating. Thus in all four images are grabbed. The specimen is then 
replaced with the reference surface and the above procedure is repeated. Thus, in 
all, eight images are grabbed. The algorithm will then compute the phase values 
at each pixel within a window of 32x32 pixels. 

4. PHASE UNWRAPPING PROCEDURE 

Since the phase is determined using an arctangent function it is restricted between 
-1t and 'lt. Hence, a consistency is maintained in determining the fringe order. This 
constitutes the unwrapping phase problem, which is of interest in digital fringe 
analysis. 

A serious problem confronting all the phase shifting techniques is the phase 
unwrapping after arctangent calculations. If each phase point is unwrapped along 
some fixed direction, it always propagates errors from bad quality points to good 
quality points. The method of phase unwrapping is known as ordered phase 
unwrapping procedure. For such processing it needs quality factor in detennining 
the quality point (Q). Quality factor is defined as 

4 

Qi = LIPm- P;l (8) 
m=l 

where 'Qi' is the quality factor of phase point 'Pi' and 'Pm' is the one of 
four adjacent points around 'P( While getting the absolute phase differences, the 
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(a) (b) 

(c) (d) 

Figure 3 Projected grating pattern on a typical sandblasted surface. 
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21t jumps should be excluded, if they exist. With the quality factor, an optimal 
order for unwrapping all the phase points can be determined automatically and 
the propagation of the errors can be kept as low as possible. In order to get results, 
representing the good phase points, bad region recognition can be performed on 
the -11: and 1t wrapped phase map. It is because, no fringe areas and the poor 
quality fringe areas are most obvious during processing. The main feature in the 
wrapped phase maps is the phase values jumping randomly in high spatial 
frequency. So a rectangular region around an inspected phase point is selected and 
the surrounding points whose phase differences to the inspecting point satisfying 
the following conditions are encountered. The condition is given as 

(9) 

Where 'P' is the phase point in the surrounding area, 'P 0 ' is the inspected phase 
point and Bp is the allowance of legal amplitude of phase variations. If the number 
counted is greater than the given threshold, the inspected point will be marked as 
a bad point and will not be processed during phase unwrapping. 

S. RESULTS AND DISCUSSIONS 

The software computes the depth of the surface points using the equation (7) and 
plots it as a 30 plot. Figure 4 shows the 30 plots of machined surfaces. 
1. Specimens are made to different roughness by different manufacturing 

processes. They are made of shaping, milling, EOM and sandblasting 
processes. It was found that there was a good correlation between the average 
roughness and those computed from vision methods. Figure 5 shows the 
correlation between the vision roughness and the average roughness obtained 
from the stylus instrument. 

2. The method is fast in computing surface roughness parameter and is 
applicable for on-line inspection of surface roughness. The method can be 
used to evaluate the surface roughness of rough surfaces. These include 
surfaces made of milling, shaping, EDM, sand blasting, and casting 
processes. 

3. The accuracy of the proposed method depends on the pitch of the grating used. 
The smaller the pitch the better will be the accuracy. The equation for 
computing the phase values is derived with the assumption of the sinusoidal 
intensity distribution. In reality, the actual profile is not truly sinusoidal. The 
effect of tlte non sinusoidal intensity distribution on the computed values will 
be minimised by using the grating of smaller pitch. 



418 

cal 

.... 

(b) 

t 
8~ 

~-
:;' 
~' 
~~ 

IIi 

~ 

' ' 

(C) ~ 

L e: .. .... 
~"' -<" 
~· 

... -
~~ 

t 
~ 

~ 

Figure 4 30 plots of typical (a) cast (b) EDM and (c) sandblasted surface. 

4. Coefficient of variation increases with decreasing roughness. suggesting that 
the method is not applicable for smooth surfaces. Accuracy of measurement 
can be improved by using the Liquid Crystal Display (L.C.D) Projector. 
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Figure 5 Correlation curve of shaped surfaces. 

6. CONCLUSIONS 
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In this work an atte1ilpt is made to evaluate the surface roughness of machined 
surfaces by phase shifting method. A micro computer based vision system is used 
for surface image acquisition and analysis. Phase values are computed using the 
bucket equation. The unwrapped phase values are then used to compute the depth 
of the surface points. It was found that there was a good correlation between the 
average roughness and the vision roughness computed from the vision method. 
The method is quick, reliable and finds application in high speed and automated 
inspection of machined surfaces. 
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Abstract 
A fonnal theory for the development of a generic model of an autonomous sensor 
is proposed and implemented. An autonomous sensor is defined as an intelligent 
sensor that has machine learning capabilities. It not only interprets the acquired 
data in accordance with an embedded expert system knowledge base, but is also 
capable of using tllis data to modify and enhance thls knowledge base. Hence, the 
system is capable of learning and thereby improving its perfonnance over time. 
The main objective of the model is to combine the capabilities of the physical 
sensor and an expert operator monitoring the sensor in real-time. The system has 
been successfully tested using various simulated data sets as well as a real 
thermistor that has been developed as an autonomous sensor. Tllis work has 
significant impact on modem production systems since sensors form an integral 
part of all closed loop control systems, and modem manufacturing processes rely 
heavily on sensor based control systems. The long range aim of tllis work is to 
develop highly autonomous production systems that have self diagnostic, 
maintenance, self correction, and teaming capabilities embedded at tl1e local and 
global levels. This work builds upon work on a formalized theory for autonomous 
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sensing called Dynamic Across Time Autonomous - Sensing, Interpretation, 
Model learning and Maintenance Theory (DATA-SEIALAMT) that has been 
supported by the NSF and the SME Education Foundation. 

Keywords 
Intelligent sensors, learning, autonomous, modem production systems 

1. INTRODUCTION 

Sensing has become increasingly important in the control of complex and 
sophisticated systems of today's technology. There is an increased interest in 
developing a general theory to treat intelligent sensor systems [1,2,3). Parallel 
work has been done in industry where sensors have been developed with built in 
expert systems and look-up tables [4,5]. These sensors, called smart sensors, are 
described as simple sensing devices with built-in intelligence. This intelligence 
includes decision making capabilities, data processing, conflict resolution, 
communications, or distribution of infonnation. Again, there is no generic model, 
and the sensors and their built-in-intelligence usually very specific towards their 
field of application. 

The autonomous sensor is defined as a sensor that has an expert system with 
extensive qualitative tools that allow it to evolve with time into a better and more 
efficient system [6]. It differs from the above mentioned models by having a 
dynamic knowledge base as well as embedded qualitative and analytical functions 
that give it a higher degree of operational independence, self-sufficiency and 
robustness. The underlying philosophy behind the autonomous sensor is probably 
closest to Henderson's [7,8]/ogica/ sensor models that also endeavor to give more 
problem solving capabilities to the sensor. 

Multisensor integration and fusion has always been an attractive method to 
reduce the ambiguity in the sensed data, and considerable work has been done in 
this area [9,10,11,12]. The autonomous sensor model can reduce the need for 
redundant sensors, and give more accurate infonnation for integration and fusion 
purposes. Recent work in qualitative reasoning regarding physical systems has 
been published in a special volume of Artificial Intelligence [13]. This volume 
focuses on the development and use of qualitative reasoning methods to cope with 
fundamental engineering tasks. A link has been forged between qualitative 
reasoning and the traditional numeric and analytic methods. 

DeCoste [14] describes a system, called DATMI, that dynamically maintains a 
concise representation of the space of local and global interpretations across time 
that are consistent with the observations. Each of the observations is obtained 
from a sensor, and therefore the number of observations is equal to the number of 
sensors in the control system. The tmth of the observations and the validity of the 
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sensors is obtained by cross-referencing with possible and impossible states of the 
system (envisionments). DA TMI is designed for a complete control system 
comprising of multiple sensors and actuators, and is the inspiration for the 
fonnalized theory developed by the authors [15]. This theory is called DATA
SE\4LAMT (Dynamic Across Time Autonomous Sensing, Interpretation, Model 
Leaming and Maintenance Theory) and is designed for and is applicable to each 
sensor in the control system. 

Brooks [16,17] states that a truly intelligent system would perform its own 
abstraction of the problem and then solve it. He has also presented the 
subsumption architecture and used it successfully on various mobile robots 
developed at the MIT Laboratory of Artificial Intelligence. The central theme is 
that there is no central representation or an overall intelligent controller. This 
entire philosophy of perception and reaction without a specific intelligent 
controller is also in keeping with the philosophy underlying the autonomous 
sensor that allows more decision making and problem solving at the sensor level 
rather than at the controller level in a robotic, or other control system. 

The autonomous sensor model is really a combination of a sensor and an 
operator monitoring it in real time. The operator has a basic tmderstanding of the 
sensor and the measurand (entity being measured), and as time passes he learns 
more about the sensor and measurand behaviors and uses his knowledge to keep 
rum1ing the sensor in as perfect a condition as possible. It is the operator's part 
that has to be embedded in existing sensors to make them autonomous. 

The autonomous sensor finds applications in any physical system that uses 
sensors since the sensors themselves become more robust and reliable. It is 
particularly suited for applications where the installed sensors can not be accessed 
for long periods of time, e.g. nuclear power plants, space structures, etc. In such 
applications the autonomous sensor could function for long periods of time fairly 
well without going through hard calibrations at short intervals of time. It would 
also be able to better handle itself in adverse conditions. Autonomous sensors are 
also useful in situations where the system has a large number of sensors, since 
installation, calibration and monitoring done by the sensor itself can greatly 
decrease the complexity of the system's operation. Examples are automated 
systems in industry, ships, airplanes, shuttles, etc. 

2. DATA-SIMLAMT (Fonnalized Theory) 

DATA-SAMT is a philosophy that has been inspired by the need for autonomous 
sensors, and these in turn were inspired by the need for autonomous systems. 
DATA-SEQLAMT, as presented in this paper, is a fonnalized theory to create 
autonomous agents, and the autonomous sensor is an application of this theory. 
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2.1 The Different Types of Databases 

DATA-SIMLAMr defines two types of databases for the autonomous sensor. 
These databases keep a running history of the sensed value in the quantitative and 
qualitative domain. 
a) Quantitative Database: This consists of a history of the actual numerical 

values sensed by the sensing element, and some pertinent statistical 
parameters and their numerical values, e.g. mean, std. dev., etc. 

b) Qualitative Database: This database consists of qualitative symbols that 
represent some situation of a relevant aspect of the system at that particular 
instant. These symbols are defined based on limiting quantitative 
parameters. These relevant aspects are called properties, and the symbolic 
representations are called state values. 

Some of the terms that will be used in this paper are defined as follows: 
PropertY - is a parameter, e.g. amplitude check. 
Concept - is a set of same properties, e.g. amplitude is high for a duration of time. 
Behavior - is a set of concepts, e.g. a normal operation followed by a very high 
amplitude may be a spike. 
Envisionment - is a known, hence pre-defined, concept or behavior similar to a 
known pattern in the pattern recognition problem. 

2.2 Windowing 

DATA-SIMLAMr uses three types of windows to determine the number of 
samples that must be used to define the properties, concepts and behaviors. These 
windows operate on the various databases described in the previous sections. 
Windowing is an important feature of DATASIMLAMT, and provides 
observation histories of appropriate length to identify the different 

behaviors in the sensor and measurand domain. These are dynamic windows, i.e., 
they can change size under various circumstances. 

Measurand Identification Window: This window is used to obtain the 
instantaneous model of the behavior of the measurand. This is essential for the 
sensor to identify problems in its own operation. DATA-SE\4LAMT attempts to 
give the sensor with various analytical modeling and tracking routines so that it 
can·use the one that best captures the instantaneous behavior of the measurand. 

Quantitative Database Window: The main function of this window is to 
capture transitions. This window operates on the raw data as is sensed by the 
physical sensing device, and carries out pre-defined statistical and identification 
functions so as to supply enough infonnation for the creation of the qualitative 
database. This window sets the number of points to be used in functions such as 
standard deviations, moving averages, etc. 



A novel method to create intelligent sensors 425 

Qualitative Database Window (QLW): This window acts upon the 
qualitative data base which has been created based upon the properties and their 
state values. This is the most important window as it matches the real-time 
qualitative data to the envisionments in the knowledge bases to come up with 
interpretations and identify sensor and measurand behaviors. Essentially, each 
behavior bas a window which is dictated by the combination and sequence of its 
associated concepts. 

2.3 DATA-SIMLAMT knowledge bases 

DATA-SFMLAMT bas two types of knowledge bases that are described below. 

Internal knowledge base: This consists of the basic knowledge that is required to 
distinguish between the nonnal behavior of the sensor and any other behavior that 
differs from the pre-defined nonnal behavior. This knowledge base also has 
knowledge such as the time response of the sensor, the time required for a change 
in the measurand, appropriate metl10dologies for changing the size of the 
windows, analytical tools such as statistical routines, fast fourier transfonn 
routines, curve fitting routines, least-mean-square adaptive algorithm, etc. The 
internal knowledge base is a generic part of the model that can only be changed at 
the software level, i.e., it requires some programming effort on the source code. 

External knowledge base: This knowledge base is the key feature ofDATA
SIMLAMT, and hence, of the autonomous sensor. This knowledge base resides 
in external data tiles that may be created by the operator, and includes the 
specification sheet of the sensor and tiles containing the concepts and behaviors. 
These may be modified and updated by the operator as new behaviors are 
discovered, or the process may be automated, i.e., the knowledge base may be 
updated by the sensor as it discovers new behaviors that do not match the nonnal 
behavior of the sensor. The sensor memorizes new behaviors, identities 
appropriate countenneasures for them, and categorizes them such that it may use 
them the next time they appear. This constitutes the learning mechanism of 
DATA-SIMLAMT, and will be discussed in a later section. 

2.4 The Generic Model for an Autonomous sensor 

This section gives the operational model of an autonomous sensor. The model has 
sensing, interpretation, tmth maintenance and model teaming capabilities 
embedded in it as can be seen in Figure 1. Data travels from the physical sensing 
element to the interpretation module, and then the maintenance and learning 
modules. These modules obtain knowledge to act upon the sensor data from the 
various knowledge bases in the sensor as well as the measurand domains. 
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Figure 1 Tile Autonomous Sensor Model 

3. ENVISIONINIENTS (or Patterns) 

The envisionments are Ute most important feature of DATA-SIMLAMT, and 
were introduced before as part of the external knowledge base. These 
envisionments describe measurand behaviors such as step changes, etc., and 
abnormal sensor problems such as spikes, disturbances, dead sensors, etc. The 
sensor must distinguish between the behaviors that encompass the two different 
domains (measurand and sensor), since the sensor needs to take appropriate 
countermeasures if there is a sensor problem, but simply follow faithfully a valid 
change in the measurand behavior. These envisionments reside in external ASCII 
data files and can be created by the operator or by the sensor itself with the help of 
specialized machine learning algorithms. The sensor can use these precompiled 
envisionments, or it can start with a blank external knowledge base and create the 
very same envisionments during its operation when the learning mechanism is 
switched on. 

Let us investigate a sudden jump in the signal from a nonnal value to a very 
high value. When there is a sudden jump in the signal it could have been caused 
by one of the following three occurrences: 

a) It could be caused due to a problem in the internal circuitry of the sensor due 
to a surge of current, or a short circuit. It must be noted here that there are 
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sometimes two distinct circuits, one associated with the sensor, and the other 
associated with the data-acquisition system. For simplicity, the effect of both 
will be grouped together under sensor behaviors. 

b) It could be a start of a valid step change in the measurand. 
c) It could be due to an external disturbance. 

How does one quantify the term sudden? The sensor and the measurand time 
constants should always be checked against the actual time taken for the 
measurand to change from one value to another. A step change is the "most 
sudden" possible change in the measurand behavior. Hence, the following four 
possibilities can arise out of the comparison of the actual time (AT) with sensor 
time constant (STC) and the measurand time constant (MTC). Remember, the 
sensor time constant is always less than the measurand time constant (STC < 
MTC). 
i) If the actual time elapsed during a change in the sensed signal is faster 

than the sensor time constant (AT < STC), then it has definitely been 
caused by a problem in the internal circuitry of the sensor due to a problem 
such as a surge of current, or a short circuit. This behavior can confidently 
be interpreted as a Spike. If this continues for more than one or two 
samples then the behavior is an internal disturbance due to a sensor 
problem, and will be denoted by the following behavior and state value -
Disturbance(Sensor). 

ii) If the time elapsed during a change in the sensed signal is greater than the 
sensor time constant but less than t11e measurand time constant (STC < AT 
< MTC), then it is definitely an external disturbance due to foreign body. 
This is because the sensor is responding to a valid change in a measurand 
behavior and hence does not violate the sensor time constant condition, but 
does violate the measurand time constant condition. Tllis will be denoted 
by the following behavior and state value - Disturbance(Measurand). 

iii) If the time elapsed during a change in the sensed signal is equal to the 
measurand time constant (AT = MTC), then it can be presumed that t11e 
measurand has gone through a valid Step Change, and the sensor is 
operating normally. 

iv) If the time elapsed during a change in the sensed signal is greater tlmn the 
measurand time constant (AT > MTC), then it can be assumed t11at the 
sensor is operating normally and is following the measurand behavior. It 
could also be disturbance from a foreign body whose time constant is 
greater than the measurand, but there is little one can do in tl1is case except 
follow t11e change. 
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4, DATA-SIMLAMT AT WORK 

There are some basic assumptions that must be made for the smooth and 
valid operation of the autonomous sensor, and these are: 
a) The measurand behavior must be continuous in time, and if not, should be 

modeled as such. A thermistor measuring the room temperature 
continuously for some control system can easily be instantiated as an 
autonomous sensor. But, if this thermistor is used to measure the 
temperature for intermittent periods of time then the time intervals when the 
thermistor is not being used should be treated as zero-time gaps. 

b) Since the measurand is itself usually a controlled variable it bas its own 
response time to a step change. The sensor time constant, defined as the 
time for it to change 63.2 percent of the total difference between its initial 
and final value when subjected to a step change, should be less than the 
measurand time constant. 

c) The sampling time of the data acquisition system should be less than the 
sensor time constant. 
This is essential in capturing transitions in the measurand behavior, and is a 
necessary design criterion. 

d) The sensor should have some idea about the frequency content of a harmonic 
signal. This is essential to extract and identify the principle frequencies of 
the signal and to be able to isolate it from a possible high frequency noise in 
the signal. In a non-harmonic signal this is not necessary, since the high 
frequency components can be assumed to be the noise contents. 

DATA-SIMLAMT bas four main tasks associated with it, these being sensing, 
interpretation, maintenance and learning (Figure 1 shows the different modules as 
well as. the flow of information). The autonomous sensor model will be 
demonstrated using a specific sensor, i.e., a thermistor. This thermistor may be 
part of a control system that needs to know the room temperature for control 
purposes, and is using the thermistor to measure it. 

Sensing includes two stages based on the traditional model of a sensor that 
consists of a physical sensing device that senses the measurand in some manner, 
and an analytical model that converts the sensed quantity into a digital value 
representative of the measurand. 

Interpretation is the process which includes the creation of the quantitative 
database, then the qualitative database, and then the final matching of the real
time qualitative database with the envisionments to come up with the final 
interpreted behaviors in the sensor and measurand domain. This is similar to the 
pattern recognition problem as mentioned earlier. The matching is done by 
incrementing a Matching Function (MF) every time a property and its state value 
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is matched. A perfect match means that MF=lOO%. A behavior can only be 
interpreted if the associated W has a value of 100. This process can also be 
termed as the diagnostic component of DAT A-SE\4LAMT. This is the process 
very similar to a typical pattern recognition process. 

Maintenance is the process of correcting the sensed value in some manner if a 
sensor problem has been interpreted, filling gaps in the quantitative database, and 
resolving conflicts by consulting possible and impossible states of the system and 
the recent history of the sensor and measurand behavior. The main hindrance to 
the autonomous sensor is that it does not have a model of the measurand behavior 
so it infers a reliable instantaneous model of the measurand behavior at all times, 
and only then can it identify its own problems as they occur. This instantaneous 
model is obtained by using various modeling tools available to the autonomous 
sensor, and is done within the Measurand Identification Window. The various 
analytical tools available to the autonomous sensor are FFT analysis routines, FIR 
filter design routines, curve fitting routines, LMS adaptive predicting routines, 
etc. The maintenance process uses knowledge from the, envisionments and the 
specification sheet that includes the quantitative parameters, tables for drift, and 
other data. 

Machine learning is an important capability for any autonomous system, but 
one needs to know what constitutes learning before one can call it learning. The 
following definition of learning is proposed by the authors: 

Learning, as applied to physical systems, may be defined as a process in 
which the system modifies its existing model (the structure itse6C or simply the 
parameters ofthe existing structure) based on the information extracted from the 
input data according to pre-defined guidelines or principles (performance 
measure/critic}, memorizes the change, and has the ability to use this acquired 
knowledge in the future. 7he system should be able to adapt in some manner 
while it is operating even when there is no human involved in the closed loop 
system. 

The autonomous sensor has two levels of learning. The first is the teaming of 
quantitative parameters, and the second is the learning of qualitative behaviors 
that comprise the extemal knowledge base. 

Learning of Quantitative parameters: This is a lower level of leaming in 
which the sensor parameters are fine tuned against an assumed measurand 
behavior. This is similar to system identification, except that the sensor does not 
have an exact model of the input, but has an assumed instantaneous model of the 
measurand behavior. Usually, the analytical model of the sensor should only be 
changed during a hard calibration done against known input signals. However, 
there are cases where some of the sensor constants can be changed with a fair 
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degree of confidence. For example, whenever the sensor is certain that a step 
change bas occurred, then the currently recorded measurand response time can be 
used in the future rather titan the initially recorded one. 

Learning of Qualitative behaviors: This is a higher level of learning in 
which the sensor can recognize new behaviors that differ from tlte normal 
behavior, classify them according to predefined principles and guidelines, 
memorize them, and use this acquired knowledge in the future. The aim, of 
course, is that the sensor continuously improves with time. This is manifested in 
a reduced amount of time spent on interpreting previously learned behaviors, and 
in an improved perfonnance in countering problems. 

The autonomous sensor model is based on the philosophy of making the 
sensor self-sufficient One can make the sensor self-sufficient by defining a perfect 
model for it under all circumstances, incorporating all the possible problems that 
it could encounter in its operation, and all tlte possible measurand models that it 
could encounter. But, this assumes tlte fact tltat tlte knowledge about sensor and 
the measurand is absolutely complete and can be coded in without mistakes and 
missing pieces. If for any reason tltis assumption does not bold, tlten one has to 
assume that the sensor is not self-sufficient, and needs expert human support. 

The envisionment of tlte normal behavior of tlle sensor is used as a critic, 
called the Normal Behavior Segment. All real-time segments in tlte qualitative 
data base are compared to this envisionment, and if the matching function (MF) 
bas a value of 100%, then the segment is said to have passed the Normal Behavior 
Interpretation Test. This algorit.hm to distinguish between a valid change in tlle 
measurand behavior and an abnormal sensor behavior is based on the assumption 
that if there is a sensor problem tlten there bas to be a recovery some time in tlte 
future. 

Formalizing a methodology to distinguish between a sensor problem caused 
due to the internal circuitry and one caused due to the actual physical sensing 
element is a difficult task. DATASIMLAMT provides an initial attempt to do so 
by watching trends in the quantitative corrected raw data base to capture a 
possible problem in the physical sensing device. This problem occurs over a long 
period of time and usually manifests itself as a drift in tlte sensed values. It is 
usually compounded by high temperature violations and repeated harmonic 
cycles. If pre-compiled tables for drift are not available tllen tlle sensor can, under 
certain circumstances, compile its own tables. 

Since drift is compounded by harmonic cycles, D AT A-SEMLAMT keeps track 
of tlte harmonic cycles and an average value obtained by recording successive 
local maximas and minimas, and then finding a correlation between tltem. Tllis 
high level approach is only valid for a periodic signal. The advantage of this 
algorithm is that the signal need not be a perfect sinusoid, but can be any periodic 
signal with various frequencies and noise components. 
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5. SIMULATIONS AND EXPERIMENTS 

This section presents the performance results of the autonomous sensor 
implementation. The following three figures show the raw data (dotted lines) and 
the corrected data (solid lines). 
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Fipre 2. Simul~tion of a Non-Harmonic Signal 

Figure 21hows the raw aignal with numerous faulty data points due to problems such u spikes, 
:tc. Notice, the sensor is able to follow a step chanp. and learns about spikes and dead sensors the 
6rst time, and uses the knowledge later on to correct the original data. 
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Figure 3 Simulation of a harmonic signal with drift 

Figure 3 shows a harmonic signal that has drifted with time, and has spikes. The 
sensor recognizes the spikes and the drift, and compensates for the faulty raw 
data. 
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Figure 4 An Actual Experiment witb a Thermistor 

Figure 4 shows the results of an experiment in which the autonomous sensor 
model was used in conjunction with an actual thermistor measuring room 
temperature. The sensor was deliberately switched off twice and the temperature 
changed. Notice, the sensor follows the first problem, but then learns about it and 
compensates for the problem the second time around. It also recognizes the 
changes in the room temperature, and follows them faithfully. 

6. CONCLUSIONS AND RECOMMENDATIONS 

A formal theory for the development of a generic model for an autonomous 
sensor has been proposed and implemented. Tltis theory, called DA TA
SJMLAMT, attempts to formalize knowledge that had formerly remained in the 
domain of the human operator. The autonomous sensor model is an advanced 
version · of the existing smart or expert sensors that only include an embedded 
expert system. The improvement is in the form of learning capabilities that allow 
the model to evolve with time for improved performance. Future work entails 
increasing the number of analytical tools 'table to the sensor in modeling the 
measurand behavior as well as using optimization techniques for the 
interpretation process. The autonomous sensor model will be used to improve the 
accuracy of an ultrasonic 3D position sensing system being currently developed at 
LSSU. 
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Abstract 
The objective of the project MOBILEIT-S is to develop a model based toolbox that 
offers the possibility of designing and configuring integrated manufacturing 
control systems with simulation kernel. The basis of this production management 
system is a metamodel that provides the structural framework for general reference 
models of the manufacturing order processing for different organizations such as 
single item or serial productions. The metamodel of the manufacturing control is 
derived from the general organizational 'Viable System Model' and describes the 
minimum requirements of an infonnation system from the perspective of 
information, communication and control. It is a cybernetic model that is based on 
the ideas of Second Order Cybernetics which makes it possible to design the 
necessary communication and control structures for an organization from a 
sociotechnical perspective. 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
© 1997 IFIP. Published by Chapman & Hall 



436 

Keywords 

Model. Second Order Cybernetics. manufacturing control. Viable System Model, 
simulation 

1 INTRODUCTION 

In order to compete successfully in the global market companies have to control all 
factors such as costs innovation. quality and time. For this reason tasks in 
companies are being allocated in a new way and increasingly solved by team work. 
Many companies have started with extensive reorganization processes. In this 
context. decentralization is an important objective of the organi7Jltional design. 
The reorganization process is characterized by the following principles (Figure 1) 
(Hiersch. 1996): 

Employee orientation: 
Since the phase of Taylorism. the focus of attention has shifted to the individual 
with his intelligence, creativity and talent to improvise has moved again in the 
center of interest The entrepreneurial goal is to use these capabilities to open new 
potentials of rationalization. The capabilities of the employee can best be 
developed and used in the scope of decentralized organizational structures. 

The ability to co-operate with internal and external partners: 
The success of the company depends not only on their products and services but 
increasingly on the processes used to produce them Therefore, the focus has to be 
on the optimization of entrepreneurial business processes with respect to the 
satisfaction of internal ancl external customers (Grabowski, 1995). The objective is 
to increase customer satisfaction. Thus, the processes in a company have to be 
oriented towards the customer and continuously adjusted to his demands. 
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Objectives of 
organisational design 

Turning away from the 
traditional, centralised and 

vertically Integrated 
company's structurw. 

Becomes the principle of 
organisational design 

Figure 1 Principles of organizational rationalization 

Strongly developed and flexible orientation towards the market: 
The ability to co-operate is inseparably connected with the orientation toward the 
market For this reason it is necessary to reorganize in a process-oriented way the 
operational sequences in a company according to the requests and demands of the 
customer (Wiegershaus, 1996). The organizational design must optimize the 
activities of a process. This process orientation is the prerequisite for a customer 
orientation. Moreover, tllis approach can lead to a considerable improvement of the 
processes (Eversheim, 1995). An orientation of the entrepreneurial activities 
towards the value-creating process provides greater transparency of the internc'll 
operational sequences. 

In manufacturing, such a process-oriented organization is realized by hybrid 
manufacturing structures. In tltese structures partly autonomous, decentralized
scheduled manufacturing units work together with centralized-scheduled units 
witllin internal customer-supplier-relations in the manufacturing order processing. 
nus future-oriented factory structure is based on the principle of modularity, the 
building of network structures as well as the implementation of team- and group
work (Wildemann, 1996). 

2 SITUATION OF MANUFACTURING CONTROL SYSTEMS 

Appropriate aids are required to support the employees in their new work 
environment and in the realization of their new additional responsibilities. Control 
and infonnation systems are therefore needed, that are oriented towards tlte total 
process and adjusted to continuously changing operational sequences (Poensgen, 
1994). PPC and manufacturing control systems that are currently available do not 
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keep up with the flexibility of business processes. Current PPC- and manufacturing 
control systems do not have appropriate structures and operational sequences that 
fulfill the requirements of the new forms of organizations (Table 1). 

The causes for the critics are, on the one hand, the inflexible and old soft- and 
hardware structures (DLR, 94) and on the other hand, the out-dated models of 
manufacturing control which are only of limited use but upon which the present 
systems are based (Linsen, 1995) (Hemnann, 1995). Often they are too inflexible 
and cannot be adapted to the current requirements of new organizational structures 
because they are oriented by old organizational models (Linsen, 1995). The 
functional technical design of the PPC- and manufacturing control systems 
corresponds to the organizational structures that are based on the division of labor 
and the division orientation (Poensgen, 1995). For the user the often oversized 
systems have a confusing offer of functions (VOW, 1995) (Hemnann, 1995). 
Often the weak points of a functional enterprise are reflected in particular by the 
software used (Poensgen, 1995). 

Table 1 Future oriented change in manufacturing control 

Weak points of classic control systems 

are oriented by old organizational 
models. 

are not adjustable to new requirements. 

support only isolated activities and not 
connected processes. 

handle complexity with the aid of an 
EDP-system. 

integrate new functions to face 
continuously increasing complexity. 

work functionally oriented. 

are inaccurate because planning results 
are soon out of date. 

Characteristics of advanced systems 

are decentralized. 

are process oriented. 

follow customer-supplier-principle. 

provide continuous improvement 
process. 

are partially autonomous. 

are customer oriented. 

have fast and networked control loops. 

manage complexity. 

are object oriented. 

In conclusion, it can be said that the available PPC- as well the manufacturing 
control systems do not meet the requirements of decentralized organizational 
structures. However, control and planing tools should decisively support 
decentralization (VOW, 1995). Information systems have to fit into the chosen 
organizational structures and processes without changing the general conditions. It 
is not the operational sequence in manufacturing that should be adjusted to the 
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infonnation system but the other way round. For this reason there is need for IT
systems for the manufacturing control that correspond to decentralize 
manufacturing structures. 

IT-systems for manufacturing control no longer need to be designed from a 
purely teclmical perspective. Similar to the design of working systems it is required 
that the design of infonnation systems has to be oriented to the needs of the 
individual. The role of the manufacturing control systems has changed. It should 
not make decisions for the employee but support him at his work. In this context 
the employee has an important position as the final decision-maker. So far the shop 
floor control has been perceived as a technical system in general. The role of the 
employee and the resulting consequences for the design of the manufacturing 
control and the supporting infonnation systems have been neglected. The essential 
objective of previous approaches for shop floor control was to describe the 
complex processes using mathematical models which should lead to a more exact 
plarming. By the developing of these plarming methods far away from the shop 
floor (Hernnann, 1995) the sociotechnical approach was mainly ignored. 

social subsystem 

··-·-·-·--·--------···-·-·- -·-·-·-·-·- - -- -- -- -- - -- ---- -- ---- ---

Figure 2 The social technical system 

Therefore new infonnation systems should be designed which consider the triangle 
relationship that is used in the socioteclmical system design (Figure 2): individual, 
technology and organization. 

The concept of the sociotechnical system approach proceeds on the assumption 
that a working system consists of a teclmical and social subsystem. The technical 
subsystem comprises the technological and spatial conditions of the working 
system (Ulrich, 1994). The social subsystem consists of the organizational 
members with their individual and group related needs. 

A working system is build to fulfill a primary job which transfonns material, 
infonnation and energy to a product or information of value. The secondary job of 
a working system is to maintain itself and to control the primary job. 

The sociotechnical system approach fonns an essential theoretical basis of the 
modern psychology of labor. According to it primary working systems are 
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considered as goal oriented, open and dynamic systems that are in contact with 
their environment by the exchange of in- and outputs. 

The sociotechnical concept demands an holistic approach to the solution of a 
problem. It accepts the complexity resulting from the interaction of hwnan being 
and technique (Sydow, 1985). 

An infonnation system for the manufacturing control has to consider the needs of 
the group members, the organizational restrictions as well as the effect of teclmical 
systems. Likewise, it has to enable the complexity of an organization, resulting 
from the different factors of influence, to operate. 

Bearing in mind these designing fields and the criticisms mentioned the 
following aspects have to be considered when previously designing information 
systems (Figure 3): 

Organization as a design aspect for a control system 
The organization of a system means its planned design. It represents a basis for the 
connections and interactions between the workers, the used teclmique and the 
information that is necessary to process the task. For this purpose the organization 
states rules that determine these relationships (Probst. 1993). The objective of such 
an organized working system is to fulfill the purpose of the system. 
Consequently, the manufacturing organization represents the basis of t11e 
relationship between the employees that participate in the manufacturing process, 
the machines and the necessary information. Organization and technology have to 
be co-ordinated according to the overall purpose of the system. They have to 
provide a common basis for self-organization. self-control and autonomy. Only in 
this way is it possible to use the potential of the employee in order to continuously 
optimize the working system and to reach set targets. 

Figure 3 Interaction between human, technology and organizational factors 
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For this reason the information, planning and control functions must be by and 
large shifted into the individual working area (Schwaninger, 1994). The 
information systems for the support of decentralized manufacturing structures have 
to be adapted to the organizational structures. Consequently, demands on the 
design of the manufacturing control must be analyzed with respect to autonomy 
and self-organization. In this way, the information processes can be closely 
approximated to the real processes. 

The individual as designing aspect for control systems 
The individual is the focus of labor oriented designing concepts. In order to use his 
potential for the optimization of the working system it is necessary to design 
systems and their tasks according to work and human oriented characteristics. The 
working task is the core of the socioteclmical view. It is the intersection between 
organization and individual (Volpert, 1987). The task has to meet different 
requirements to induce motivation which leads to the optimal realization of tlte 
task. The worker has to posses the skills needed for the working processes and tlte 
necessary aids. (Ulrich. 1994). The structural features of any task must be designed 
in a way to activate the worker to either continue or to finish their work In oilier 
words they should motivate the acting person to fulflll his task. 

The following characteristics of a task design produce motivation: holistic work, 
variety of demands, possibilities of social interaction, autonomy, as well as 
possibilities for learning and development. 

When designing a manufacturing system which fulfllls tlte requirements of a 
human oriented design, it is therefore necessary to check which influences tltese 
characteristics have on the design of the manufacturing control and which 
consequences this again has on the design of an information system. In particular, 
information flows must be checked and communication structures have to be 
designed to support the self-organization and co-operation witll other 
manufacturing sections. 

Technology as design aspect for a control system 
Here, technology is considered as an aid for the purpose 'manufacturing control'. 
For the realization of his task the employee needs informational technical aids 
which provide him with the necessary information and supporting functions for the 
planning and control of his task. 

The design of shop floor information systems should be widely decentralized in 
order to increase tile self-controlling ability of the decentralized manufacturing 
sections as well as to promote tile interest of the employees in tlleir work, tlteir 
competence and their motivation.(Schwaninger, 1990). 

This corresponds to the demand for tile design of holistic tasks which include 
goal finding, planning and control functions. It follows that information systems 
have to offer these functions to make an integrated task design possible. In tllis 
context it is also necessary to clarify the type of information, communication and 
control structures used. For tllis reason the demands on the tools for manufacturing 
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control systems from the perspective of the individuals and the decentralized 
organization must be examined. 

3 SOLUTION APPROACH 

Usually production management systems are based on implicit or explicit models 
that depict the characteristics of the controlled manufacturing system. A model is 
always a simplified copy of reality. Models for scheduling and control are open or 
closed control loops. Nowadays, EDP-systems for production planning and control 
as well as manufacturing control systems are based on these principles. For many 
new research projects the feedback control loop is still the basic concept. In order 
to describe the different scheduling levels of production planning and control as 
well as of manufacturing control, multistage feedback control loop systems have 
been developed. 

This feedback control loop is also the basic principle of cybernetics. Cybernetics 
is the science of communication and control processes in living beings and 
machines. Its methods make it possible to look at structures in a wide sense and to 
depict different kind of systems from the perspective of their control structure 
(Probs., 1985). 

Cybemetlc5/5 the science of communication and control in animal and m3chlne5. 
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The idea is to avoid situation depending instabilities by communication processes and not by 

changing the input values of the system. 

Figure 4 First and Second Order Cybernetics [following (Schwaninger, 1994)] 

Figure 4 shows the control of a process from the cybernetics perspective. Current 
output values of the process are fed back to the controller. The controller carries 
out a comparison between current and desired values. Based on this difference the 
controller generates correcting input data which are transmitted into the process. 
By the principle of feedforward it is possible to consider the effect of future 
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distwbances on the process and to use this information for control decisions 
(Schwaninger, 1994). 

This concept presented here is called 'First order cybernetics' (=cybernetics of 
mechanical systems). 

Definition of Fint Order cybernetics: 
'The cybernetics of systems that are observed from the outside as opposed to the 
cybernetics of systems involving their observers. First order cybernetics is 
concerned with circular causal processes, e.g. control, negative feedback, 
computing, adoption. '(Kippendorff, 1997) 

The decisive interest in developing this approach was only of a technical nature 
(Espejo, 1993). Characteristic of the First Order Cybernetics is that the controller 
(e.g. the manufacturing controller) stands outside the controlled system and the 
targets are given from outside the system (Schwaninger, 1994 ). The application of 
cybernetic models on social systems demands a special view because first order 
cybernetics is not appropriate to meet the characteristics of individuals constituting 
an organization. In hierarchical social systems the controller actively influences the 
desired values of the system from outside. This is represented by the curved arrow 
in the left hand side of figure 4. The outside controller is responsible to reach the 
given targets. 
In conbast to technical systems in social systems similar to autonomous biological 
systems the principle of self-control gains in importance over the one of external 
control. Advanced manufacturing should be designed similar to such biological 
systems of high autonomy. 
One example for an autonomous biological system is the balancing of the body 
temperature: Independent from outside disturbances - e.g. environmental 
temperature - the body temperatures are kept stable. In the same way 
manufacturing cells or islands should be able to keep their goals independently 
from external disturbances. Principles like autonomy, self-control, self
organization and self-reference acquire decisive organizational importance 
(Schwaninger, 1994). Hence, First and Second Order Cybernetics must be 
differentiated. 

Definition of Second Order Cybernetics: 
'The cybernetics of systems involving their observers as opposed to the cybernetics 
of systems that are observed from the outside. Second-order cybernetics is a more 
recent development, which involves the observer as a constitutive part of a circular 
organization and is concerned with Self-reference, Epistemology, Autonomy, Self
Government, Autopoiesis. '(Kippendorff, 1997) 

In First Order Cybernetics the controller itself (i.e. the employee) is part of the 
system. The system is working goal oriented and consists of subsystems that 
pursue their own goals. The difference between the two points of views could be 
characterized as follows: 
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Fint Order Cybernetics ('The cybernetics of observed systems') 
• The controller (manager) is outside the system. 
• The system is purpose orientated, i.e. the goals are given from outside into the 

system. 

Second Order Cybernetics ('The Cybernetics of observing systems') 
• The controller (manager) himself is part of the system. 
• The system is goal oriented and it consists of subsystems, that pursue their 

own goals. 

By the introduction of Second Order Cybernetics the concept of the feedback 
control loop is not replaced, but instead completed and acquires partly new 
meanings (Schwaninger, 1994). 

The cybernetics of mechanical systems is based on the assumption of a clearly 
defined 'Black-Box' that can be used to handle the goals as well as the control and 
communication mechanism of the system. 

The planning and control of a conventionally organized manufacture is based on 
a similar assumption. It was assumed that detailed planning targets of the controller 
or the PPC-System could be used to control the manufacturing process. It has 
transpired that rules for centralized detailed planning are not appropriate for the 
planning and control of modern decentralized manufacturing. Only unsatisfactory 
results could be obtained. 

This conclusion corresponds to the knowledge we have of cybernetics. Scientific 
publications in the :field of Second Order Cybernetics have demonstrated that the 
assumption of a clearly defined 'Black-Box' is not justified in the context of 
human activities and actions (Espejo, 1993). 

From the perspective of the Second Order Cybernetics the handling that is to say, 
the management of situations is not primarily the result of decisions that are based 
on abstract models of the situation, but on communication processes that make a 
common interaction of all involved persons in the process possible. 
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The principle idea is to avoid having situation depending instabilities by means of 
communication processes and not by changing the input values of the 'Black-Box' . 
To co-operate as a community and to solve problems the knowledge of the persons 
that are involved in the process has to be included in the communication processes. 

The distributed manufacturing control is based on this principle. The control does 
not happen by a detailed plan which is centrally scheduled but by manufacturing 
order pools with basic time limits which constitute targets for the decentralized 
organizational units. The realization of work is planned and controlled by the 
workers themselves in the decentralized units. As a result, experience and 
knowledge of the employee and the informal processes in the working system bear 
an important influence on the design and management of the control system. 
Therefore, it is necessary to consider the communication mechanism in these 
structures as well as the experience and knowledge of the workers. These fonns of 
organizations work according to the principle of autonomy, self-organization and 
self-control. For this purpose the Second Order Cybernetics tries to offer 
appropriate mechanisms. A comparison of the characteristics of centralized and 
decentralized manufacturing control shows parallels between the situation of the 
manufacturing control in distributed organizational units and the characteristics of 
Second Order Cybernetics. 

The importance of cybernetics for. the design of problem solving and of decision 
making activities in sociotechnical systems has long since been recognized. 
Cybernetics makes it possible to model sociotechnical systems from the 
perspective of communication and control by analyzing and systematically 
designing communication processes and information flows. Therefore, cybernetics 
constitutes an ideal instnunent for interdisciplinary co-operation (Gomez, 1981). 
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Consequently, it is possible to consider the different designing aspects of 
manufacturing control and to develop an integrated approach in order to design the 
control tasks in a manufacturing system using an appropriate cybernetic method. 

M: Management Un~ 
VS: Viable System 
E: Environment 

~....... : Amplifier 

...,.. .. .,.. : Attenuator 

(System2) 

Figure 6 The stmcture of the Viable System Model [according to (Espejo, 
1993)) 

The 'Viable System Model (VSM)' is such a method (Figure 6). It was developed 
by the economist Stafford Beer to model and analyze socioteclmical systems and in 
particular, to model the control mechanism of such systems. The starting point was 
the question: Which communication structures and control mechanisms are 
necessary for an organization so that it may adapt to changing conditions as well as 
make use of experiences - i.e. to learn, to keep its identity and to develop - in other 
words to be viable (Malik, 1996). 

To fonnalize the structural minimum requirements Beer used the human nerve 
system as an analogy. Based on the human nerve system he developed a 
structurally similar (homomorphist) model, which views at socioteclmical systems 
from the perspective of control. From Beer's point of view every viable system 
like the human nerve system is characterized by five subsystems of control, which 
express the necessary and minimal conditions to survive.(Probst, 1985). The model 
is based on the principles of viability, recursion and autonomy. Table 2 describes 
the control mechanisms that are included in the model. 
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Table 2 Systems and their functions 

System 

One 

Two 

Three 

Four 

Five 

Function 

(partly) autonomous organizational units are controlled within their 
environment Every system One has to be a viable unit. It means 
that by the principle of recursion each system One again consists of 
five subsystems (system One to Five). 

Co-ordination to achieve a higher goal using a network of 
communication connections between the individual control 
mechanisms of the partly autonomous units. 

A "higher'' control mechanism serves the co-ordination and 
optimization of any current activity in the system as a whole. This 
control mechanism is responsible for the internal balance. 

A control mechanism that integrates the information from the 
system's environment with the aim of establishing an external 
balance. 

A superposed control mechanism co-ordinates the control activities 
for the internal stabilization of the whole system (System Three) 
plus the control activities which achieve a balance with the system's 
environment depending on the targets and the purpose of the whole 
system. 

The Viable System Model provides a means of analyzing distributed organizations. 
It is a method to depict communication mechanisms tlaat make the co-operation of 
the workers in a system possible. The model can be used for the design of 'viable' 
organizational structures (Espejo, 1993). The specific stress on the information 
connections between the systems and the recursion levels make the model an 
organization-theoretical basis for the architecture of infonnation systems 
(Schuhmann, 1991 ). 

Manufacturing control is done by certain activities of the workers (Figure 7). On 
the level of the machine operator a control activity is for example to sort the 
manufacturing orders according to certain targets. On the level of the expediter a 
control activity is for example the allocation of manufacturing orders to the 
different manufacturing areas. These activities are supported by certain 
(supporting) functions of the manufacturing control. 

The necessary information and communication structures as well as supporting 
functions which realize these activities are structured by the Viable System Model. 
The result is a metamodel of the 1nanufacturing control that fulfills the minimum 
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requirement of an information system from the perspective of information, 
communication and control. 
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Figure 7 Solution approach with the VSM 

The structure of the model makes it possible to model the manufacturing control 
from a sociotechnical perspective and to design the secondary task "manufacturing 
control" for the worker from a perspective of an integrated task design. That means 
that every worker should contribute to the target finding, planning, and control 
process. To support the worker by means of an infonnation system from the 
perspective of cybernetics it is necessary that the target fmding, planning and 
control processes correspond with the organizational structure (Schwaninger, 
1994). The minimal organizational structure necessary for the rnanufacturing 
control which is required for that purpose is shown in FigureS. 

To guarnntee a wide autonomy the 'Decentralized Scheduling Mechanism' 
receives a stock of orders with basic time limits over the command axis. Inside the 
'Decentralized Scheduling Mechanism' the detailed planning for the order 
processing in the decentralized manufacturing unit is carried out. By means of a 
calculated distribution of the stock of orders to the individual partly autonomous 
units the cohesion of these units in the sense of a given target is striven for. This 
vertical co-ordination function is the task of the control mechanism 'Control'. 

The function of the co-ordination mechanism 'Order Co-ordination' is to avoid 
and regulate disturbances between the individual decentralized units. Tltis 
mechanism pursues the goal of achieving synergy effects which are striven for by 
the plan of the mechanism 'Control'. So the control demands on the system 
'Control' are reduced. The more powerful the horizontal co-ordination function is, 
the more autonomy can be guaranteed for the distributed manufacturing units. 
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In order to realize its co-ordination function the 'Order Co-ordination' receives 
information about the stock of orders of the individually scheduled decentralized 
units from the system 'Control'. The 'Decentralized Scheduling Mechanisms' 
inform the 'Order Co-ordination' about their current status of the detailed 
planning, their current progress of orders as well as about possible derivations from 
time targets and eventually resulting new order sequences. 

Figure 8 Organizational structure of the shop-floor management 

The 'Order Co-ordination' infonns every 'Decentralized Scheduling 
Mechanism' about the current detailed planning situation of the other units. It also 
derives co-ordination information to regulate possible disturbances, as a result of 
the comparison between tl1e targets of the ' Control' and the current progress of 
orders that is to say derivations from time targets of the decentralized units. 

The 'Order Co-ordination' only passes information about derivations from time 
targets that will lead to inadjustable disturbances to the 'Control'. However, to 
fulfill the control function it is necessary for the system 'Control ' to obtain 
unfiltered information of the real status of the decentralized units (Espejo, 1989). 
For this to happen, a monitoring function is necessary. In tl1e model this 
monitoring-mechanism is represented by the 'Capacity Monitoring'. It belongs to 
the system ' Control'. 

The ' Capacity Monitoring' delivers information to the 'Control' about t11e real 
status of the decentralized manufacturing units, global targets such as capacity 
utilization or a certain throughput time. For tllis reason it monitors the current 
loading with manufacturing orders, possible open capacities as well as possible 
disturbances of machines or workers and passes is information to the system 
'Control' . With tllis information it is possible for the 'Control' to cross-check the 
information of the ' Order Co-ordination' and tl1e direct information of the 
'Decentralized Scheduling Mechanism'. The described communication channels 



450 

of the control mechanism 'Control' (including 'Capacity Monitoring'), the 
'Decentralized Scheduling Mechanism' and 'Order Co-ordination' set up the 
monitoring and control mechanism of the manufacturing control and correspond to 
the systems 'Three', 'Two' and 'One' of the Viable System Model. 

To adapt the manufacturing and the control mechanism to new situations, which 
result from, changed market conditions, it is necessruy to provide appropriate 
mechanisms for the shop floor management in the organization structure. This is 
the task of the meta system that consists of the control mechanisms 'Control', 
'Order Development' and 'Policy'. These mechanisms correspond to the systems 
'Three', 'Four' and 'Five' of the Viable System Model. 

The task of the control mechanism 'Policy' is to determine the basic goals and 
strategic rules for the whole job shop management. It derives the basic behavior of 
the job shop management from targets of system five of the higher recursion level 
and from the information of the external (=market) respectively internal 
(=manufacturing) environment. In the sense of the manufacturing control this 
could be for example planning strategies or setting of long-term targets for 
capacity balancing. In the long term the establishment of specific forms of 
manufacturing organizations are feasible as a target of the control mechanism 
'Policy'. Another task of system Five is the co-ordination of the internal 
environment and the extemal environment. This is necessary to remain viable in 
the future and to be able to compete with new market conditions. 

The control mechanism 'Order Development' has the function to process the 
orders and to develop possibilities to push the manufacturing orders through the 
production on time. That includes the optimization of planning strategies and the 
manufacturing organization itself. In the short term different order sequences can 
be simulated to evaluate the different effects on the manufacturing process. 

Supporting functions from the perspective of the manufacturing control are for 
example. the time scheduling as well the taking over or splitting of manufacturing 
orders. In the medium-term the suitability of different planning methods can be 
examined. In the long-term the task is to optimize the manufacturing organization 
for instance by simulating of different organizational structures and orders of 
operations. 

The solution proposals developed by the 'Order Development' are transmitted 
to the operative 'Control' that examines the proposals from the perspective of the 
internal situation in the manufacturing area. In the same way the 'Order 
Development' examines proposals of the 'Control' from its perspective. It is a 
continuous co-ordination process between these two systems. 

From the perspective of the manufacturing control the capacity planning, the load 
co-ordination, the availability check as well as the order release are all functions 
that support the task of the system 'Control'. In general the co-ordination process 
takes place in the short and medimn tenn. The co-ordination of these two control 
mechanisms is monitored by the control mechanism 'Policy' according to global 
company targets. If there is a conflict this mechanism is the highest authority. 

The previous description demonstrates the transfer of the control mechanism of 
the manufacturing control to the Viable System Model of Stafford Beer. In the 
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following chapter the realization of an information system that is based on tlli.s 
approach is presented. 

4 MOBILEIT -S 

The model based toolbox for integrated manufacturing control systems with 
simulation kernel is a concept for an information system that offers the possibility 
to configure system functions by designing a factory model. 

For this reason the organizational structure of the job shop management that was 
mentioned with the VSM in the previous chapter, is described in form of general 
structures in a metamodel. This model offers the structural framework for general 
reference models of the manufacturing order processing for different 
manufacturing organizations like single item and serial production. 

The model elements that are described in the reference model correspond to the 
ones in reality. In this way a machine in the model correspond to a machine in 
reality and the depicted control processes correspond to the ones that are necessary 
to control the shop floor. The elements are oriented to existing notations of a 
companies hierarchy, operation resources, manufacturing aids, order structures and 
working-papers. 

From the perspective of tlte manufacturing control tlte behavior of the real 
manufacturing elements is reproduced by the methods and attributes of each 
corresponding model object. Factory objects witlt tlte same or similar structure and 
behavior are objects of the same class. 

The building of a specific factory model is done by deriving tlte model elements 
from the reference model. The object-oriented concept offers a way to refine tlle 
model step by step by specifying tlle necessary changes in each case. 

Since it is easy to alter tlte factory model and t11e included control processes 
during the run-time it is possible to adjust tlte model according to changing 
demands. 

Various control strategies and factory behavior are implemented by tlte use of 
event-driven simulation and interaction of the factory objects. Therefore, it is 
possible to analyze planned manufacturing structures new control strategies and 
different order sequences for tlle job shop scheduling. In the same way it is 
possible to identify dependencies and conformities to laws of tlte processes and to 
use the results for planning and control in tlle meaning of continuous optimization. 

The prototype of the system represents an integrated solution that offers 
functions of current monitoring system as well as certain fimctions of factory 
planning systems. 

By combining a generally used factory model witlt a powerful model based 
simulation as well as with tlte application of an object-oriented software 
architecture a flexible infonnation system is formed that allows the user a 
continuous adaptation to changing production conditions. As a result a continuous 
improvement process is provided. The use of simulation offers an aid that supports 
the preparation and evaluation of decisions in tlle manufacturing area. This ranges 
from the short-term manufacturing control to long-term investment decisions. 
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The development of this system is sponsored by the development-program 
'Production 2000 - Strategies for the production in the 21. Centwy'. It is promoted 
by the Gennan federal ministry of education, science, research and technology 
(BMBF). Four companies, two software houses and two departments of different 
universities are involved in this project. 
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Abstract 
New markets' demand objectives call for the integration of process planning in 
production management, which means that the process plan must be regarded as a 
variable, to be generated within seconds and with no human intervention. The 
matrix method, aims at introducing flexibility by integrating process planning and 
production management The routing is presented by an Operation-Resources 
Matrix, which represents many possible routing, However, the selection of the 
routing is deferred to the moment of need. The method does a Material 
Requirements Planning (finite capacity) and Capacity Planning in one run, keeping 
the product network (Bill of Material) at all times. In this paper the concept of the 
matrix method is described. 

Keywords 
Process planning, MRP, MRPII , Production Planning, Capacity Planning, 
Scheduling. 

1. INTRODUCTION 

The Production Management (PM) task is to plan and produce the products 
according to management orders and policy. The major objectives of the task are: 
• Meeting the delivery dates 
• Keeping the capital, tied down in production, to a minimum 
• Minimizing the manufacturing lead time 
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• Minimizing the idle times of the resources 
The tmditional method to perfonn this task is divided into several stages (Hal, 

1980). The orders are initially converted to required manufacturing activities, 
which defines what should be produced at the shop, and what should be purchased 
or outsourced. 1bis stage is called :MRP - Material Requirement Planning/Material 
Resource Planning .. The material and the items that are made outside the company 
are taking care of by purchasing. The items that are produced in shop are handled 
in the next step: CP - Capacity Planning. In this step a long-range plan is made, 
planning the capacity required at each work center and helping to allocate the 
machines and manpower required to meet the goals of PM. The immediate short 
periods are scheduled in order to determine what jobs should be dispatched to the 
shop floor for execution in a certain time period. The Job Release (dispatch) step is 
the link between planning and execution. It initiates the production activities by the 
issue of orders to the shop floor, according to a short-tenn schedule taken from the 
capacity plan. 

The main inputs to the PM are: 
• The orders and tasks, including quantity and the delivery date 
• The bill of materials for each product 
• The routing for each component 
• Inventory and resources 

The planning and execution, in the traditional method, as described above, 
regards the routing as static and wmlterable. Thus, the planning is simple, but it 
robs the shop from production flexibility and efficiency. [Seo and Egbelu 1996], 
[Hal, 1980] 

Today's competitive market imposes new demands and objectives on the 
manufacturing process. Example of these demands is: delivery speed to market; 
product diversity and options; competitive product quality; customer satisfaction; 
and naturally, a competitive price. Since the traditional control methods do not 
supply solutions to these new demands, new methods and solutions are proposed. 
The main trend is to integrate teclmology with Production Management. Current 
Production Management often runs into problems such as: not meeting due dates, 
finite-capacity planning, overload, under-utilization and bottlenecks. Such 
problems occur mainly due to the fact that the routing (process plan) is regarded as 
unalterable. Anyone who has actually managed a production facility knows that 
this is not really the case. If the process routing is viewed as a variable, then many 
of the above problems can be solved by elimination. For example: An overload 
situation occurs in the Capacity Planning System. Traditional methods attempt to 
resolve this situation by transferring jobs to under-utilized periods or deferring 
operations to a later period. The result is increased Work In Process (WIP) and not 
meeting the due dates. By the dynamic routing method, this situation can often be 
solved by using a different routing that takes advantage of the under-utilized 
machines. Traditionally, internal due dates are set by the MRP system. They are 
not accurate as MRP considers infinite capacity. This causes unrealistic due dates, 
that in turn creates unrealistic capacity plans and schedules. 
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With a dynamic system that can generate process plans within seconds without 
human intervention. there is no need to run the MRP system with infinite capacity. 
By employing a dynamic CAPP system the MRP system can be run considering 
finite capacity. These are only a few examples of how the use of a dynamic CAPP 
system may revolutionize production management procedures. 

The manufacturing process is a dynamic one as resources change, machines fail, 
tools break, employees are unavailable, orders change, parts are rejected and 
rewodred, power failures occur, etc. This dynamic nature calls for dynamic 
planning and :flexibility of operation. Flexibility calls for immediate adaptation of 
process plans to the availability of resources. Furthermore, there are many 
optimization criteria for production planning and process planning. Each criterion 
calls for modification of the process plan. Thus a process plan should be 
dynamically adjusted to meet the criteria of the situation at hand. 

This paper presents a dynamic system that integrates process planning with 
production management Tite system integrates all stages, i.e. MRP, CP and 
SFC(shop flow control) with one dynamic logistics program. The dynamic and 
flexible behavior is obtained by employing the matrix method in process plruming. 
The philosophy of this method is that a process plrumer is neither an economist nor 
a production plrumer. Therefore he should not make decisions, that is beyond his 
field of expertise. His task should be to prepare a matrix, covering all feasible 
routings, and subsequently let the expert in production plruming decide which route 
to use, considering order size, plant load and shop floor state at the moment of 
decision making. The product tree (network) is being kept tllroughout all the 
planning steps. 

2 THE MATRIX PROCESS PLANNING CONCEPT 

The proposed CAPP system is composed of three stages: technology, 
transformation. and decision (mathematics). The technology stage generates 
Theoretical Processes (TP). The transformation stage constructs a matrix. Tite 
decision (mathematics) stage solves the matrix and generates a dynamic process 
plan according to the immediate requirements of the production facility. 

The matrix represents an almost infmite number of possible routings. The 
decision of which routing to use is deferred to the time of execution. The routing 
decision making has been trrutsformed from a technological into a matllematics 
decision. The decision-maker does not need to posses any teclmical knowledge, he 
has just to understand tile capabilities of tile matrix. The matrix solution time is 
less then a second. 

The construction of tile matrix has been discussed in several papers and a book 
(Hall995). In this paper, only tile usage of tile matrix is described. 

The concept is based on tile Operation - Machine matrix, where tile entries are 
Tij or Cij, depending on tile requested criteria of optimization. Tij represents the 
time to perform operation i on machine j, and Cij means tile cost of performing 
operation i on machine j. The matrix is shown in Table l. The sequence of entering 
operations into tile matrix can be casual. The priority row indicates tile constraints 
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on the actual sequence of machining operations on a path. The number in this row 
indicates which operation must precede the considered operation. It does not have 
to follow this operation immediately. Priority number 0 means that this operation 
may be the first machining operation or be performed anywhere. For example, the 
priority of operation 010 is 000; the priority of operation 020 is 010; the priority of 
operation 030 is 020; the priority of operation 040 is also 010. This means that the 
sequence of operations may be: 010; 020; 030; 040 or 020; 030; 010; 040, or 020; 
010, 040; 030. 
Due to tolerance demands, some operations must be performed on the same 
machine or with the same fixture. These requirements are indicated in the row 
marked as relation. 

Process planning is a technological decision-making process. By using the matrix 
method process planning is transformed from a technological into a mathematical 
process. The definition of the mathematical problem is as follows: Given a list of 
operations to be performed and a list of available facilities, a decision is required as 
to which machine (or machines) to use, which operation(s) to perform on each 
machine, what their sequence should be, and what cutting conditions to employ. 
The optimization criterion is either maximum production, or minimum cost. A 
penalty is added for extra time or expense, whenever a change in machine or_set-up 
takes place. This penalty should cover the extra cost of: set-up, transfer of parts 
between machines, additional complications in capacity planning, job recording 
and inspection, etc. Note that the "penalty" is for a batch and thus is a function of 
the quantity to be produced. The larger the batch, the lower the penalty, and thus 
the higher the probability of selecting the best machine for each specific operation. 
The sequence (priority) and the relationship (relation) between operations must be 
maintained. That means that the sequence of operations may be altered, if by doing 
so the number of machine changes is reduced. However, the priority indicated in 
the matrix should be obeyed. This effect can be appreciated by reviewing Table 1. 

Table 1: The matrix format 
Oper# Oper# Oper Oper Oper 
010 020 #030 #040 #050 

Priority 00 010 020 030 020 
Relation 0 0 0 0 2 
TP 2.02 0.05 0.39 0.20 0.18 

c 0 s T 

Mdt#l 12.48 4.60 5.96 5.20 5.12 
Mdtlll 9.51 3.60 4.59 4.05 3.99 
Mdt#J 5.15 2.39 2.87 "rn 

Mdt#4 999 999 999 ~ .... r999 
Mdt#S 4.02- _, 1\C nnr ""n 2.18 
Mdt~ 6.54 2.00 3.28 2.90 2.86 

Machine #5 ~ 4.02 + 2.05 + 2.18 = $8.25 = 8.25 Min 
Machine #3 ~ 2.87 + 2.90 = $5.77 = 4.12 Min 

Oper Total 
#060 
050 Cost Time 
0 
0.41 

$ 

6.04 39.40 9.85 
4.68 30.42 10.14 

2.90 18.49 13.21 
999 999 
999 999 
3.32 21.50 10.75 
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Machine #4 ~ 1.86 "'"'""":"---:---=~$ .... 1.8..,.6.__=___,_1""'.86::<..;Min.._....' 
Subtotal $15.88 14.23 Min 
Total* $17.08 15.43 Min 

* Three penalties of $0.4 each 

By using an unaltered process and the best machine for each operation, as 
indicated by the shaded numbers, five penalties have to be added to the cost of the 
process. (Machine # 5 - 6 - 3 - 4 - 5 - 3). However, the sequence of operation 
might be changed to the one shown by the arrows. (The penalty to use machine #6 
is greater than the machining cost difference between machine #5 & 6). In this 
case only two penalties have to be added to the cost of the process. 

The solution for the maximum production ( minimum time ) criterion (the upper 
matrix) results in only one machine (machine #1) to perform all operations. The 
optimum process is a compromise between all the expenses and the individual 
operation cost. For solving this matrix problem, a special technique has been 
devised. The matrix solution is done within seconds. 

Table 1 shows two optimum processes. The maximum production optimum will 
take 9.85 minutes and a cost of $39.4. The minimum cost optimum will take 15.43 
minutes and a cost of $17.08. The difference between the two processes is, that for 
maximum production machine # 1 is selected, which is a powerful modem 
machining center that can perform all the opemtions in one chucking, while the 
minimum cost process uses rough, old, inaccurate machines for roughing 
operations and an accurate and stable machine for the finishing opemtions. Which 
process to select, depends on the shop floor load. For rush orders, the shortest 
production process is best, while in a slack situation the minimum cost alternative 
is the best. One can make such a decision only at the production management 
stage, and not at the process planning stage. 

Currently the information transferred to production management contains usually 
the final decisions. For example : Use machine #5 for 8.25 min. (performing 
operations No. 010; 020; & 050). Next, use Machine #3 for 4.12 min. (performing 
operations No. 030; & 050). Finally, use machine #4 for 1.86 min. (performing 
operation No. 040). Production management has to work with this information and 
subsequently will get into a lot of planning problems. 

With the use o(.the matrix method, the process planner's task is to be a data 
provider and not a decision-maker. He only constructs the matrix. There is no 
optimum process that fulfills botl1 the time and the cost optimum. One has to 
determine which one to use. Natumlly, it is not a decision for the process planner 
to make. 

The flexibility provided by tile use of the matrix method, allows us to regard 
routing as a variable and not as a fixed one. Therefore, an improved production 
management method can be constructed. Such a method is proposed in the next 
section. 

3 THE MATRIX METHOD -GENERAL ARCillTECTURE 

The matrix method is based upon the following concepts: 
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-Each decision is made by a qualified expert 
- Each decision is based on real facts and not on assumptions 
- Each decision is made at the time of execution, independent of the other decisions 
- Each decision may be changed when circumstances change 

Keep the system simple 

3.1 Factory completed dates planning 

Traditional practice is that Production Management activities start with customer 
orders as input Order delivery date is part of the order information. Delivery date 
plays a major role in PM stages. The MRP uses it for determining due dates for 
purchased and in house production orders. CP uses MRP due dates for in house 
machine loading. The complete date is one of the determining factors in 
establishing the quality of the shop performance. However, no one questions how 
the delivery date was determined. In many cases, sales promise non-realistic 
delivery dates, but PM regards them as a constraint 

In the proposed set up, the matrix system may be used by Sales and/or 
Management to establish realistic delivery dates. The matrix may be used as part of 
a larger control architecture as shown in Figure 1. The algorithm is as follows: the 
last machine capacity plan will be referred to as "load profile" (see Figure 7). The 
load profile is a result of a finite capacity machine loading process. The loading 
method will be described in section 3.3. The load profile shows the existing jobs 
planned on all the available resources. In any plan there might be some resource 
idle time. When a new order arrives, the matrix genemtes the best routing for the 
order. Considering the available inventory and the bill of materials, the system 
attempts to load the new order by using the idle spaces. This loading will be based 
on the minimum cost criterion (if the routing was generated for minimum cost 
optimization criteria). However as the order is loaded only at idle time or at the end 
of the loading period, the complete date might be far ahead. The matrix method 
may generate alternative processes, by using different machines. As an altemate 
process cannot be as efficient as the best process, the cost of producing the order 
will increase. But on the other hand, the idle time of the alternate machines might 
become shorter and the due date may become nearer. The matrix method has two 
features that might be handy in this case. One is the "Machine blocking option", 
were the scheduler is asked to ignore certain machines. The other is "Forced 
process planning option" were the machines to use are dictated externally. These 
features are used to genemte alternatives. A list of alternative due dates and cost 
will be generated by the matrix method, as shown in Figure 2. Negotiation with the 
customer may be used to establish realistic delivery dates. 
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ALTERNATIVES 

Figure 1 Control architecture using the matrix method 

ALTERN COST DUEDATE NOTES 

' 1 30 120 New order super imposed on load profile 
with minimum cost optimization 

2 35 100 New order super imposed on load profile 
with maximum production optimization 

3 40 70 With dynamic process plan 

4-n 46 68 Several dynamic alternatives 
n -J 50 50 Combinations of delaying existing orders 

igure 2 Alternative Due Date Planning 

3.2 Production Planning - Job Release 

The objective of this stage is to plan the activities on the shop floor, in order to 
meet delivecy dates. The outcome of this planning is the order release to the shop 
floor for execution. In the matrix method, the order release must be practical. The 
planning is with finite capacity and with the use of the product tree. The detailed 
capacity plan has to be transformed into a real schedule. 
The planning steps and method are as follows: 
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a. Detennination of priorities 
For each order build a time-element tree, using data from the product 
structure. The tree is constructed from the order due-date backwards. Starting 
with the order, call the matrix indicating the item and the required quantity 
and retrieve the execution time. Transfer the total time to the time scale (in, 
let say, days) and subtract the time from the delivecy date of the order. This 
yields the starting time for the job. Next, retrieve the following sub-assembly 
or component from the bill of materials and compute its required quantity. 
Call the matrix indicating the item name and the required quantity and follow 
the same procedure as above, calculate the starting time of that job. Continue 
the same procedure for all the items of the order and for all orders in the 
logbook. 

b. Stock allocation. 
The objective of this step is to allocate the available items in inventory to the 
available orders and adjust the early starting dates accordingly. It is done by 
scanning all the orders and finding the critical item i.e. the item where the 
starting day is the nearest one. Run over the tree of this item to find the 
product and the order. Search inventocy and see if such product is available in 
stock. If available, allocate it to this order. Reduce the quantity of the order 
by the available quantity and rebuild the product tree witb new quantities per 
item and new starting dates. In tltis case the starting time of the lowest level 
item will be changed and another order ntight become the critical one. Repeat 
the procedure of scanning all the orders to find the "new" critical item. In the 
case that there is no stock of the product, exantine the stock availability for 
the next item using the same procedure. 

c. Adjust quantities by economic considerations 
Compute the EOQ - the Economic Order Quantity, either by the matrix 
method or by any other metltod or by external constraints. Split or compose 
orders if required, and recompile the product time base tree. 

d. Capacity planning - machine loading 
Machine loading is forward planning. The availability in time of each 
resource is symbolized by a row, were each slot in the row represents a 
planning period. The current date periods are shorter - say one hour- titan tlte 
more distant periods, which each may cover two hours or more. The first 
ones, covering together a period of a few hours or a few days, depending on 
the kind of jobs and the average job time, serve as a scheduling period. The 
more distant slots, which together may take from a few hours up to weeks or 
months serve as a capacity planning period. When a job is allocated to the 
resource, the appropriate position(s) in the row hold(s) the order and the item 
code. Empty positions indicate idle resources. A critical planning path is 
defined as the path starting at the lowest independent item in the product 
structure with the earliest starting date, through its sub-assemblies up to the 
product. The critical path will have priority in machine loading. However, all 
the items for the sub-assembly have to be available before tlte assembly can 
start, i.e. all independent items that go into the critical sub-assembly will 
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have a priority greater than the sub-assembly. The priority of such items is 
related to their starting date. 

In the case of items for which the starting date falls in the past or which 
have a slack of 100/o or more, the maximum production criteria is used for 
solving the matrix. (mind that the initial starting dates were established with 
the use of the cost criterion, which results in a longer processing time). For 
all others items, the minimum cost optimization criteria is used. 

The loading procedure is as follows: 
Scan all the orders and find the item with the nearest starting day. Run over 
the time-tree to find the product and the order. This order has the priority in 
machine loading. The loading is done from the lowest level item, from its last 
machining operation and forward. Subsequently, the matrix with the item 
name and quantity can retrieve a process. The retrieved process indicates the 
number of resources, the name of each resource and the time for the 
operation (including set-up and penalties). Start with the last operation, 
multiply its time by the quantity and divide by the period scale of the row. 
Determine how many periods are needed for this opemtion. Run over the row 
of the appropriate resource and search for an idle period. The search starts at 
the operation early start period (depends on the previous operations and the 
product tree). When the idle time is found, the name of the item is inserted in 
the row. In the case that the early available idle period is too far ahead of the 
early start period, the matrix will be called to genemte an alternate process. 
The alternative process will attempt to reduce the waiting time by employing 
a different resource, which is idle at the required periods, and that it is 
economical to change. The initial proposed process is based on the minimum 
value of the matrix solution. However, in many cases the difference between 
the minimum value. and the next higher value is negligible. Blocking tl1e 
occupied resource (using the "machine blocking'' feature) and resolving the 
matrix. will generate the next alternate routing. If a known machine is idle, 
the "forced process plan" feature will be used and tile economics of using 
that process plan are examined. This process may be continued until the 
available space is found. Carrying out the planning actions as described 
above, results in a capacity plan, which includes a resource-utilization
optimized schedule for the short-term periods. 

e. Job release. 
The capacity planning is a very important planning task, bridging tile gap 
between long and short term planning. To carry out tile production plan, jobs 
have to be released to tile shop floor for execution. Different companies may 
have a different stmtegy regarding the lengtll of tile period for which tile jobs 
are released to tile shop floor. A long period might result in exceeding t11e 
delivery dates, while a short period might cause idle time at shop floor level. 
The auxiliary job dispatching stmtegy influences significantly tile required 
length of tile period. A period of 1-6 days is commonly used. 

Before job execution can start, some auxiliary jobs have to be performed. 
Some of the auxiliary jobs might take a long period of time. One can 
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distinguish two main strategies in dispatching auxiliary jobs. The first one, 
which is to be preferred when the execution of these jobs is relatively long 
when compared to the main jobs, deals with an early release during capacity 
planning. In this case, the main job is dispatched only after the auxiliary job 
has been reported ready. When the auxiliary job times are relatively short, 
one can dispatch these jobs at the beginning of the scheduling period. 

3.3 Execution 

The execution is divided into two stages: 
1. Execution - auxiliary jobs 
2. Execution - shop floor control 

3.3.1 Execution- auxiliary jobs 

The auxiliary jobs are: fixture design and construction, tool preparation, NC
program generation, material preparation (inventory management and control), 
material handling (transport), quality control ( inspection), set-up instructions and 
set -up itself. 

When jobs are assigned to or arrive at the medium range periods in the row, the 
auxiliary jobs attached to them are released. These jobs are given a due date 
situated before the scheduling or dispatching time of the main job. At this stage, 
the routing of the main jobs is known. However, the operators on the shop floor are 
allowed to alter the process when necessary to overcome disruptions. This means 
that the execution of the auxiliary jobs has to be flexible as well; otherwise the 
flexibility in routing cannot be realized. The matrix method can significantly 
contribute to the required auxiliary job flexibility. 

The matrix contains all the required information about the process and its 
parameters. This information can be used to prepare an NC-program (G-functions). 
The TP in the matrix holds all the operation specifications. The resource-file 
contains the machine specifications, including the controller data. Constructing tlte 
matrix when the TP is known takes a few seconds. Therefore, with the matrix 
method no information is stored, it is created whenever needed. The same applies 
for the NC-program preparation from CL-Data. Such as NC-program can be 
generated at the instance of job allocation just before starting production. 
Nowadays, the possibilities to generate complete new NC-programs instantly are 
rapidly increasing. 

Tools are assembled and preset in the tool room. Each tool is a accompanied by 
a certificate stating its dimensions. This information is used to offset the machine 
controller. 

Set-up and job instructions are the result of the process selection made with the 
assistance of the matrix. Hence the matrix method can generate tllis data 
dynamically. Quality control is usually independent of the selected process. The 
same applies for material preparation. The TP process plan indicates altemative 
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datum surfaces. These datum surfaces are used to design the fixture. At the release 
stage. the datum surfaces, the tool access constraints and the candidate machines 
are known. This information is transferred to the fixture design office. The 
information is considered during fixture design. The design might be based on the 
pallet concept, the modular concept or the Group Technology concept, in order to 
allow for the :flexibility to transfer jobs from one machine to another. 

3.3.1 Execution - shop floor control 

Conditions on the shop :floor are dynamic and occur when a machine fails, a tool 
breaks, employees are missing, orders change, parts are rejected and reworked, 
power failures take place, etc. So, a practical execution of the jobs, it must be 
allowed to deviate from the planned schedule. Therefore, the decision to release a 
job must take into account the immediate shop floor situation. 

Figure 3 represents a schematic presentation of shop floor planning and control. 
The control architecture is based on the shop floor control architecture as presented 
by [Tiemersma,l990]. 

The Scheduling function covers a short time slot of the capacity plan. The 
introduction of the scheduling module between capacity planning and dispatching 
enables the release of partial production orders. The production suborders can be 
merged or split before capacity planning on the cell level. The scheduling function 
extracts the required auxiliary jobs from the technical information, and checks their 
availability. Free operations are defmed as the operations that are ready for 
immediate execution. The free operations list is transferred to dispatching for 
execution. 

The Dispatching function is responsible for the release of jobs to the 
workstations. The dispatching concept includes, that whenever a resource is free, it 
searches for a job to be performed. If it is economical, a priority is given to the 
next operation of the same item. If not, the system scans the matrices of all parts in 
this particular machine column, and lists all free operations that the specific 
machine can do best. If the list is empty, a "look ahead" feature is used to 
determine when such an operation will become "free". The system will search for a 
free operation that the free machine can perform less efficiently, but economically. 
One method to compute the economics of using an "inefficient" operation, is to 
compute the difference in time between the "best" and the alternative operation 
time and comparing it to the time that the free machine will otherwise be idle. If 
such a free operation is found. it is allocated to the free machine. For more 
information see [Tiemersma, 1992] and [Hal, 1993). 
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Figure 3 System architecture for Shop Floor Planning and Control 

The Monitoring function is to collect the status of either a job, an operation or a 
workstation. For auxiliary jobs, the "released" phase is followed by the 
"completed" phase, to indicate that the related main job may be started. When a 
job is dispatched to a workstation, its status changes from "not released" to 
"released" and the first operation becomes a "free operation". When an operation is 
finished, the next operation becomes a "free operation". If the operation was the 
last operation on a job, the part is transferred to inventory and the job status is set 
to "complete". The status of the workstation normally changes between "idle" and 
"busy". The monitoring function informs the dispatching function of unexpected 
changes in status and of disruptions. 

The Diagnostic function has to determine, in the case of disruptions, the 
consequences for the work plan. A delay of a job can have a snowball effect. In 
such a case of local disruption, the scheduling function will possibly have to 
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generate an alternative work plan. In the case of a permanent disruption (due to 
improper routing), a permanent correction will be done on the matrix, in order to 
improve future work plans. 

4. THE MATRIX APPROACH- EXAMPLE 

To validate the feasibility of the proposed system and to check the execution time, 
a computer program has been prepared The program may handle several orders 
and parts. However, for simplicity and clarification of demonstration, two orders, 
12 parts and 15 machines are considered in the example. 

The assumed company makes two kind of cylinders: spring-return and double 
acting. Figure 4 shows the product. 

Back Plate Piston Cylinder Spring Front Plate 

Figure 4 Pneumatic Cylinder Spring Return 

The main menu of the computer program is used to choose: Order updating, Bill 
of material updating and Running mode. In the sample test two orders are 
introduced. They are: 80 spring return cylinders for delivery on day 40; and 40 
double acting cylinder to be delivered on day 35. 

An TP process was made for each one of the cylinder items. An example of the 
TP for the front plate is shown in Table 2. The available 15 resources are detailed 
in Table 3. The TP process plan has been transformed into a matrix as shown in 
Table 4. The method used was detailed in section #3. 
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Table l: TP Process for the Front Plate of the Spring Return 
c r d ;y, In er 

N Operation Pr T L a Feed v kW T 
0. 00 min 

I 

I Sa wine: 00 B 2.8 

2 Side milling 10 50 ll3x 2.5 304 88 1.0 2.02 
2 

3 Face milling - 10 80 76 1.59 1428 118 6.63 0.05 
R 

4 Face milling - 30 80 143 0.41 900 147 1.34 0.16 
F 

5 Assembly 20 10 20 x4 0.2 25 0.6 0.96 
Holes 

6 Side milling 10 50 113x 2.5 304 88 1.0 2.02 
2 

7 Face milling - 10 80 76 1.79 1401 116 7.34 0.05 
R 

8 Face milling - 70 80 143 0.21 370 164 0.37 0.39 
F 

9 Drill U 460 10 44 4 0.27 114 10.3 0.2 
10 Boring 460- 90 40 4 804 93 0.22 0.18 

Mr 
11 Boring 460 - 10 40 4 359 106 .07 0.41 

Mf 
12 piston hole 11 16 16 2.0 0.34 

The steps of the module are as follows: 
a. Product Bill-of-Material Explosion - Quantity and Time. 

The objective of this step is to set priorities for stock allocation. It works from 
the delivery date of each order backward. It starts with the assembly of order 
number one, i.e. item #I. The matrix is called to genemte a process with 
minimum cost criteria, for the assembly of 80 items of product # 1. The output 
of the matrix module gives the total time, and the detailed operations, 
including the time on each individual machine. The total time is multiplied by 
the quantity, and tmnslated into days. The dumtion in days of the assembly 
product #I is subtracted from the delivery date. The result is the starting date 
of the assembly (day 39.10). The next item on the Bill-of-Materials (see 
Figure 5) is the Back Plate item #2. The quantity per unit assembly is 1. 
Therefore the quantity of item #2 is 80. The matrix is called to generate a 
process with minimum cost criteria, for processing 80 pieces of item #2. The 



468 

output of the matrix module gives the total time and the detailed operations, 
including the time on each individual machine. The detailed operation data are 
used to generate a report on the load of each machine. indicating starting and 
ending days of each item on each machine and the total load on each machine. 
This report is for general use only. The total time is multiplied by the quantity, 
and translated into days. The duration in days required to produce item #2 is 
subtracted from the starting date of the assembly, item #1, and sets the starting 
day for item #2 (day 36.43). This process continues till the last item of the 
second order bas been dealt with. (in total 20 retrievals from the matrices, 
which took 3 seconds on a 33 MHz computer). A summary report is given in 
Figure 5. The bold numbers indicate the starting date of each item. The 
number in brackets indicates the quantity of each item whose number is given 
as(#). 

Table 3: The Available Machines 
Mac Machine description Power Speed Handle Relat 
No. kW RPM time cost 
1 Milling Machining center 35 1500 0.10 4 
2 Large CNC Milling 35 1200 0.15 3 
3 Manual milling machine 15 1500 0.66 1.4 
4 Small drill press 1 1200 0.66 1 
5 Old milling machine 15 2400 1.0 1 
6 Small CNC milling 10 3000 0.25 2 
7 CNCLathe 25 3000 0.15 3 
8 Manual Lathe new 15 3000 0.42 2 
9 Manual Lathe old 10 2400 0.66 1 
10 Circular Saw 1 
11 Band Saw 1 
12 HackSaw 1 
13 Manual assembly 1 
14 Machine assembly 1.5 
15 Robotics assembly 3 

b. Stock allocation. 
The objective of this step is to allocate available stock and to adjust the 
quantities of each item on the ordered products. The allocation is carried out 
with the product tree and gives priority to the critical path. The program scans 
all paths of the Bill-of-Material trees in a search for a low-level item of which 
the starting day is the nearest one. In this example, as indicated in Figure 5, 
item #7 of order 2 bas a starting date of 31.18, which is the nearest one. 
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Table 4 De Time Matrix Content 
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Following the Bill-of-Material tree, from this item onwards, indicates that this 
item is part of product #11, order number 2. Therefore, order #2 is the critical 
one and stock allocation will start with this order. It starts with the high level. 
items and proceeds towards the low-level items. Hence, initially product #11 
will search for available stock. In this example the available stock shows: 

Item 1 2 3 5 8 10 11 
Quantity 3 3 13 14 10 3 20 

Therefore, the quantity for item #11 will be reduced to 20 pieces. and the 
quantities of all items in the product tree will be adjusted accordingly. The 
matrix will be called to generate a process plan for the new quantity, in the 
same manner as before. The adjusted starting date of item #7 is now 33.19, 
which is shown in Figure 6. Figure 6 shows an intermittent stage of the stock 
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allocation module. The critical path is now item #4 (32.90) of product #1 in 
order #I. Subsequently, product #I will search for available stock. There are 3 
products of item #1. Its quantity, and the quantity of all the items on the 
product tree will be adjusted. Next, the starting date will be recomputed. After 
the adjustment, the new lowest starting day is on item #4 of product #1 
(33.1S) and is on the critical path (33.1S is compared to 33.19 of item #7 of 
product #11). Following the product tree, brings us to item #2 of product # 1 
to become the critical one. The procedure continues till stock has been 
allocated to all items. This step took S seconds on a 33 MHz personal 
computer. 

c. Capacity Planning -Machine loading 
An array mac(1S,400) was defined. The number 'IS' represents the resources 
as detailed in Table 3. The number '400' represents the periods. For this 
demonstration only 23 periods are used. TI1e machine loading is forward 
planning. When a job is allocated to the resource, the appropriate positions in 
the row hold the order and item code. In this example the two digits are used: 
The first indicates the item number (as defined in Figure 5) and the second 
digit represents the order number. The critical path has priority in machine 
loading. To determine the critical order, t11e program scans all paths of the 
Bill-of-Material tree in a search for t11e minimum value. In this example, item 
#4 of product #1, order #1 is the critical one. The matrix is called to generate a 
process for 74 units of item #4 ( see Figure 7). As seen from Table 4, the 
process calls for 6.6 minutes on machine #11. This time is multiplied by the 
quantity and divided by the period scale. As it is the first item to be loaded, it 
starts at period #1. Figure 7 shows that machine #11 are loaded at periods 1 & 
2 with 41. ( item #4 of order # 1 ). Next, the matrix is called to generate a 
process for 74 units of item #3. The retrieved process calls for: machine #S for 
6.07 min., then for machine #3 for 1.82 min, ending with machine #4 with 5.15 
min. (In consulting the reasoning of the generated process, remember that 
Table 4 gives the time, while the process is regarded for minimum cost). 
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Assembly 
#1 (80) #2 (80) 3 (80) #4 (80) Back Plate 

39.ut 36.43 Ja.o7 32.9~ .. 
#5 (80) #6 (80) #7 (80) 
36.09 4!'15 32.99.. F rontPlate 

Order #8 (80) #9 (80) 
#1 JR. 52 3~0 Piston 

#10 (80) 
JS.!'l Cylinder 

Assembly 
#11 (4} #2 (40) #3 ( 40) #4 ( 40) Back Plate 

34.5 33.24 3'!:96 3t.3r .. 
#5 (40) #12 (40) 
33.07 1tso 31.18 .. 

#7 (40) 
FrontPlate 

Order #8 (40) #9 (40) 
#2 "34.09 33~0 Piston 

#10 (40) 
J4.lU Cylinder 

#N= iterr number ( xx ) = Total quantity XX.XX = starting date 

Figure 5: Order Product Tree with Basic Quantity Per ite ~ 
and Starting Date 

Machine loading starts with the last operation, in this case with machine #4 
for 2 periods. It may start only after item #4 is finished, i.e. at period #3. The 
array shows this through the symbol of "31" in the periods 3 & 4 on machine 
#4. The next operation calls for 1 period on machine #3 and then for 2 periods 
on machine #5. This process continues for item #2. As item #1 is an assembly, 
it will start only after all the components are available. Therefore, machine 
loading will proceed to item #7. Item #7 can be assigned to period #1, as it is 
an independent item. The matrix recommends a process of 6.6 minutes (2 
periods) on machine # 11. However, the machine is occupied till period #3; 
therefore it is loaded at periods #4 & #5. Next. item #6 is treated. 
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Assembly 
#1 (77) 

39.1f' 
#2 (74) 

36.SS ft:21 
#3 (74) #4 (74) Back Plate 

(33.1~33.23 ~ 
#S (77) #6 (77) #7 (77) 
36:23 j!,35 33.23., F roilPlate 

Order #8 (77) #9 (77) 
#1 !1.42 3~9 Piston 

##10 (77) 
J&!H Cylinder 

Assembly 
#11 (20~ #2 (20) #3 (20) #4 (20) Back Plate 

34.73 34.12 3'!.56 33.2! .. 
#S (20) #12(20) #7 (20) 
34.03 .. 33.82 .. 33.19 .. Front Plate 

Order #8 (20)_ #9 (20) 
#'l 34.52 34.21 ~ Piston 

#10 (20) 
J4.!W Cylinder 

##N = iteii number ; ( xx ) = Total quantity ; XX.XX = starting date 

Figure 6. Product Tree with Quantity and Starting Date 
after 3 Cycles 

Its last operation is on machine #4 for one period; it is loaded on period #5. 
Then Machine #3 for one period, and is loaded in period #6. Next operation 
calls for machine #5 for two periods. The available space is on period #14. 
The loading process continues going through all the items and orders. The 
resulting loading scheme is shown in Figure 7a. which deals with the 
unaltered routing. It takes 23 periods to fill up the 2 orders. The matrix 
method is a dynamic system, and the routing is regarded as a variable. When 
the required machine is not idle at the desired period, the matrix will look for 
an alternative. In the case of item #7, the work can be done by machine # 10, 
which is idle. For item #6 the matrix system will look for an alternative 
process. The proposed machine is machine #6. 
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Figure 7 : Load Profile of Machine Loading 

. Machine #6 is idle. By choosing tllis alternative, the cost of machining the 
part will increase from 12.01 to 16.38. It was decided that tllis increase in cost 
is acceptable. Sinillar logic and procedures are applied to all other items. By 
introducing the concept of dynamic routing, the two orders can be finished 
after 15 periods, instead of 23 periods as shown in Figure 7b. The load profile 
in Figure 7b uses the first alternative. If an additional reduction of the delivery 
date is required, other alternatives can be employed, like tlte ones shown in 
Figure 7c. In tllis case, the two orders can be finished within 10 periods. The 
machine loading cycle of those two orders takes 4 seconds on a 33 MHz PC 
computer. 

Using the maximum production optimization criteria instead of the 
minimum cost optimization criteria, as the retrieved process plan, does not 
make much difference. It is clear tltat for each part, the best machlne has been 
selected, i.e. maclline #1. As a result oftllis, a long queue of work piles up at 
machine #1. 
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5. CONCLUSIONS 

The manufacturing process is flexible by nature. However, the manufacturing 
practice developed over the years, characterized by separated departments and 
manual planning and management methods, has led to complicated and rigid 
procedures. Especially in small batch manufacturing, present practice is still 
merely based on traditional planning and management methods. As an example, 
capacity plans of a finite number of resources as a procedure preceding scheduling, 
is hardly applied in industry. However, in the era of the computers and global 
competition in terms of cost and time to market, the manufacturing methods must 
be adapted to the new tools and demands. The matrix method presents the basis for 
an overall planning method, covering the needs of company management strategic 
planning, factory planning, operations management planning and production. 
Planning on all these levels can be based on the same basic principle, the matrix. 
The manufacturing process is composed of many disciplines, were each calling for 
a particular expertise. The basic concept of the matrix method is that decisions 
should be made 01lly by the various experts in their own field and at the moment of 
execution. No one should make decisions that are out of his field of expertise and 
that may effect other disciplines and disturb the course of the logic decision 
making. This may seem contradictory with the present trend of integration of 
manufacturing processes, but it is not. The first step in any true integration process 
must always be the entanglement of (non-transparent) relations and separation of 
concerns in order to be able to design transparent processes. 

Process planning is not an execution task. Process planners should only prepare 
data for the production planners. The process planner is an expert in technology, 
but not an economist, neither business administrator nor a production manager. 
However, process-planning decisions effect the level of competitiveness of the 
company. Communication and information transfer between disciplines should 
merely be of the nature of basic information, alternatives, etc., facilitating the 
separation of decisions and making subsequent decision making possible without 
negatively effecting the overall perfonnance (which creates true flexibility). In 
this context. the matrix method provides an effective tool. It presents many 
possible process plans without making a decision. Each discipline may use the 
matrix in the manner it suits best. Company management may use the matrix for 
resource planning or for rating the company's level of competitiveness. The 
factory management may use the matrix for negotiation with customers regarding 
cost and delivery dates. The production management may use the matrix for stock 
allocation and capacity planning. The shop floor management can use the matrix 
for scheduling and job release. All the disciplines can work with the same 
information. 

The solution of the matrix is done in seconds on a PC. Therefore, there is no need 
to store decisions. Decisions can be reproduced much faster by the matrix method 
then by storage and retrieval systems. The administration becomes simpler and 
more efficient as the ammmt of document storage is reduced. The problem of 
keeping track of versions, and releases is eliminated. Furthermore, decisions may 
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be adapted to the dynamic situation of the business. The flexibility and dynamics 
introduced by the matrix method improves significantly production management. It 
has been shown that delivery dates may be shortened drastically using the matrix 
method. The matrix method works with the b method all the time. This feature 
permits the modification of the production plan for a whole product instead of for 
an individual item. When disruptions occur in one item, the system adjusts the 
working plan for all items on the product tree. The results of the experimental 
prototype of the computer program, written in Q-basic, proves that the matrix 
method is a realistic one. Running two orders with 10 parts each and in an assumed 
plant with 15 machines, it takes about 20 seconds to perform stock allocation and 
capacity planning on a 33 MHz PC. 
The additional degree of freedom introduced by the matrix method, raises many 
operational options. In this work, certain decisions were made before hand, such 
as. using the minimum cost criteria as the initial working process plan. TI1e reason 
is that it leaves spare time for rush orders, or in the case of disruptions, moving to 
maximum production optimization criteria. The critical path was defined by the 
path in the product tree for which t11e starting date is the lowest one. However, 
many other options are possible normally: 

the product that uses a bottleneck machine, 
the product with the minimum quantity required, 
the product for which t11e penalty for not meeting the delivery date is the 
greatest, 
the part with the maximum number of operations, 
the product with the least slack, 
the product that does not have an alternate process. 

The work so far, proved that the objectives around the matrix method are feasible. 
Future plans are, to carry the research further, considering more options and 
coming up with rules. that can be embedded in the program. 
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I INTRODUCTION 

New challenges are forcing companies to improve manufacturing system 
performance in order to maintain their competitiveness. A more demanding 
requirement for new and more complex products has been forcing the 
companies to concentrate in reducing, both, the design and manufacturing 
cycle time. Customer satisfaction is a key objective. Consequently, flexibility, 
quality, cost and on-time delivery are the main requirements in the design and 
management of the overall manufacturing system. According to the type of 
manufacturing process (from mass to job-shop production) the use of 
Advanced Manufacturing Technology offers new chances in the level of 
integration and in new approaches for the implemented operational strategies. 
With the development and the spread of the CIM concept, the need for the 
integration of an increasing number of functions was established. Many 
specialized methods and procedures were developed, enabling each individual 
system to work more effectively with data generated from the different 
functions. 

Manufacturing planning decisions are made on different phases of the 
product and process development cycle, such as process planning, master 
production scheduling, capacity planning and production order scheduling. In 
fact, the integration of planning functions has been referred to as a key issue in 
state-of-art manufacturing systems. Particularly, Process and Production 
Planning, which are two multi-task activities of particular importance in the 
batch manufacturing environment, are the candidates for the integration effort. 
In this type of production system the number and the variety of products to be 
manufactured will have influence in the chosen technology together with the 
management approaches used. Process and Production Planning integration 
will result in shorter lead-times, more efficient manufacturing systems and a 
high competitive advantage (ElSayed, 1996). 

2 REASONS FOR THE INTEGRATION OF PROCESS AND 
PRODUCTION PLANNING 

Integration of Process and Production Planning is an approach that enables 
each system to function more effectively, especially in organizations where 
production-to-order is dominant or an increasing number of different parts, to 
be manufactured in lower lot sizes, is required. Any production system is 
characterized by a set of technologies and organization structures which is 
determined by the diversity of products that they are able to manufacture and 
the expected demand. Additional strategic decisions should be done setting the 
manufacturing facilities (e.g., equipment and layout) and the operational 
strategies, such as lot sizes and workflow, to couple the customer orders. 

The rapidly changing situations that happen in real manufacturing 
environments, involving some aspects like materials availability, order due 
dates/lot sizes, route sheets, lead times and manufacturing resources, result in 
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difficulties in carrying out the daily plan. The compettttveness of each 
manufacturing system will be dependent on the capability to manage the 
dynamic changes that will occur during a nonnal run. As an example, many 
causes can be identified which influence the delivery time. The Cause-and
Effect diagram as shown in Figure I provides a structured view of the 
disturbing influences on on-time deliveries, guiding manufacturing managers 
on the detinition of strategies for continuous improvements. 

L1d: of his1oriul cbta -
Shon view of rn:.cl'line work lo:acb 

Unlvatl:~~bd•ry of tools 

Ab5mct of ddin~d &htmalivc tOUIC Jheets 

Non·ty11ematic use or ~mpirical knowledge 

Non-op1imal us ofP'O<nl puam~ers 

Figure I Example of using Cause-and-Effect diagram for the analysis of the 
process planning task 

Process planning as a stand-alone function does not consider the available 
resources at the shop floor. An event in the shop floor, such as bottlenecks, 
unavailability of tools and equipment breakdown, influences the execution of 
the manufacturing orders. In this case available pre-developed process plans 
are no longer adequate. The common procedure is to change the process plan 
at the shop floor, which can result in an inefficient (non-optimal) plan or the 
need for the utilization of alternative sequences of operations and resources. 
So, the process plan or route sheet, as a static and linear sequence of 
operations, does not cope with the shop-floor dynamic behavior. Process 
planning must be carried out considering the specific machine and tooling 
capacities, detennined by the parts to be manufactured, on an underlying 
dynamic shop-floor scenario. The real scenario in manufacturing environments 
includes simultaneous in progress work, sharing finite resources, scheduled 
works and unexpected events that affect the production capacity. Process 
planning systems must interact, in this context, with shop floor scheduling and 
monitoring systems, recognizing the actual conditions and modifying the 
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production plan, using alternative and "optimal" process plans. These 
difficulties are amplified by the lack of ability that the manufacturing planning 
and control systems have to operate with the process plan. The ability to 
communicate effectively between each system allow to create process plans 
dedicated to problematic situations (Cunha, 1996). 

Considering the above mentioned events, the absence of materials or any 
changes in orders or route sheets, requires that some changes have to be 
proposed by shop-floor managers or schedulers, in most of the cases based in 
their empirical knowledge of the manufacturing system. This traditional 
approach requires that very skilled managers have to be involved in this level 
of decision. The influence of such decisions sometimes can be seen in an 
increasing level of entropy due to the resources that are shared and the clear 
competition between each order in reach of their operational objectives. 

From our own experience, other topics can be presented, showing some 
weakness in the traditional approach to deal with Process and Production 
Planning tasks to run the manufacturing process. These can be summarized in 
the following: 

a. Most of manufacturing planning and control systems do not include 
facilities to allow an efficient visibility of existing problems, as a support 
for an optimization of manufacturing resources; 

b. Operational managers in general don't have enough data to deal with the 
increasing complexity of decisions required to manage the manufacturing 
process; 

c. It is usual to observe a lack of data aggregation, processing and 
understanding at shop-floor level; 

d. It is common the low level of quality, accuracy and effectiveness of feed
back data from shop-floor; 

e. There are no guarantees for an uniform use of resources, meeting the due 
dates and working at minimum cost; 

f. Limited capacity to answer to "what... if...?" questions, specially of a 
fuzzy pattern; 

g. Most of the decisions in managing the manufacturing process are based on 
an empirical knowledge of the system; 

h. The way that the lead times are defined does not guarantee validity and 
introduce difficulties to meet the due dates; 

i. The traditional approach does not allow a dynamic scheduling of events, 
which should be done according to the real manufacturing environment; 

j. Changes in due dates in an open order, involve a sequence of procedures 
within the company where it is difficult to find out which actions should be 
taken, specifying clearly when and how each operational staff should act. 
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3 INTEGRATION OF PROCESS AND PRODUCTION 
PLANNING 

State-of-art computer aided Process Planning (CAPP) systems support the 
main functionalities that are required for the work planning in the production 
process. The capabilities include the creation of process plans, the design of 
raw materials, the selection of operation sequences, machine-tools, cutting 
tools, fixtures and machining parameters as well as the determination of 
manufacturing times. All technically feasible manufacturing routings and the 
necessary manufacturing resources are described and can be made available. 
CAPP systems for generating process plans operate based on data that are 
related to the customer order, manufacturing and technical know-how and an 
appropriate planning logic. Some systems retrieve existing process plans 
assigned to particular part families and allow the revision of these existing 
plans to develop new ones (variant process planning). In other systems, a new 
process plan is generated for every part, based on the description of part 
geometry and other part characteristics, through the application of a particular 
manufacturing logic coded into a suitable computer program. According to 
Kuhnle ( 1994) most of the available systems on the market are technologically 
oriented, rule-, or knowledge-based systems. They operate semi-automatically 
based on data that is related to the customer orders, manufacturing and 
technical know-how and an appropriate planning logic. 

Production Planning and Control (PPC) systems are responsible for planning 
the utilization of production resources (e.g., machines capacities, labor, 
production quantities), which are required to satisfy some performance 
criteria, over some planning horizon, within some demand pattern. PPC 
systems are based on a description of the product, a description of the 
necessary operations, required production resources and dynamic information 
(e.g. varying with time) with regard to demand and the availability of 
resources. The complete scheduling and controlling of the production process 
are performed within the PPC system allowing a vertical integration of some 
planning tasks (e.g. from upper levels of decision to operational level). From 
master scheduling to material and capacity planning, order quantities and 
timing for placing orders are determined. At different time scales, schedules 
are produced with the aim to co-ordinate the necessary resources to fulfill 
production orders. Figure 2 shows the time scales and different planning time
horizons identified in Process and Production Planning and Control systems. 
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Figure 2 Time scale associated with different functions with the PPP
Integrated Approach. 

Planning objectives, manufacturing resources and performance measures or 
decision variables should be shared between the Process and Production 
planning tasks. Such an assumption yields a good foundation for integrating 
those tasks in a single multi-objective planning system 
(Eiwany, 1996). Synergies can be generated from changing the traditional and 
non-integrated use of those systems into collaborative tasks, where advantages 
are obtained from the functions performed by each system together with the 
shared use of information. 

The integration or collaboration of process planning and production 
planning, through the scheduling function, has been the focus of some work in 
recent years. The objective to implement dynamic Process Planning systems, 
has been presented through the developments of links between a CAPP system 
and Production Planning (scheduling), where three basic research approaches 
are being followed: non-linear process planning, closed loop process planning 
and distributed process planning (Wiendahl 1995, Leung, 1996). 

CAPP and PPC systems are both modeling a part of the manufacturing 
process. From this manufacturing model, planning of production flow and 
employment of resources is required in order to assess manufacturing system 
performance. Process planning systems still rely on a static understanding of 
the plant. They are process dependent but time invariant functions. On the 
other hand, Production Planning and Control systems are both, process and 
time oriented and they lead to the use a dynamic view of the production 
process. The common element between both components is represented today 
by the process plan, which can be made available to the PPC system from the 
CAPP system by means of a data interface (Kuhnle, 1994). 
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As it has been pointed out, in the integration of CAPP with scheduling, some 
of the key aspects in this link are the choice of an optimal route, the 
detennination of cycle and set-up times and the dependency of process 
planning on the loading conditions. However, the existence of a set of random 
events that occur in the real manufacturing environment, doesn't allow getting 
optimal solutions but searching for better alternatives. Discrete Events 
Simulation (DES) system by itself has an important role in dealing with 
stochastic systems allowing the representation of that randomness. Also, 
through the simulation, a set of equipment, labor and other facilities can be 
built into a model. This kind of system can easily allow the evaluation of 
produced schedules closer to a real scenario. Different process plans can be 
tested trying to reduce the effect of shop floor unexpected occurrences. 
Simulation can also provide managers with both qualitative and quantitative 
data on the effects of real-time constraints on the manufacturing system 
perfonnance for decision making. Its facilities can minimize the lack of 
confidence in the expected results when a specific strategy is implemented, 
which has been a restriction for an effective management system. Through 
DES, a model of the manufacturing process can be developed and analyzed, 
generating data for decision making. Figure 3 illustrates the concept for 
CAPP/PPC/DES functional link. 
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Figure 3 Functional use of PPC, CAPP and DES techniques. 

In the proposed architecture, commercial software packages are being used. 
A variant CAPP system, an MRP/MRPII system and a graphical simulation 
tool were selected. Our main purpose, in this selection, was to use the software 
applications that were compatible with the tools and methodologies used by 
Portuguese batch manufacturing companies. These applications are the core of 
each module identified in our proposed architecture (Figure 4). 

I 
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As an interface approach a production relational database (RDB) platform 
will be used to link the different applications. In the ROB exist different 
folders with product and process-oriented data as well as the time and event
dependent data collected from shop-floor behavior. A shop-floor control 
system (SFC) can implement the required monitoring functions allowing the 
gathering of on-time and accurate data to be used in the evaluation of 
manufacturing system performance, as well as in the re-scheduling function. 
This database will be used to share data between each system and function. 
The RDB will allow the production scheduler to produce new alternative plans 
taking into account the status of the shop floor. l,n this integrated environment 
it is possible to develop and maintain effective schedules of manufacturing 
orders . 

..... ..... 
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Figure 4 Functional architecture for an integrated Process and Production 
Planning and Control system. 

The functional architecture presented permits potential links to be 
established between each function. It includes not only the Process Planning -
Production Planning link, but also the Process Planning - Capacity Planning 
and Process Planning - Shop Floor Control integration. 

Figure 5, presents some of the commercial tools that are being used in our 
integrated approach. At this stage of development, work has been done on the 
integration of a CAPP system (MetCAPP/1 from lAMS) with the simulation 
system WITNESS (AT&T- ISTEL). For a given set of parts to be processed 
in our manufacturing system, a model is defined in the simulation system. The 
CAPP system generates the sequence of operations to be carried out at each 
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workstation (in the future the alternative process plans will be generated also 
by the CAPP system). The integrated system approach allows that every new 
set of route plans, cycle and set-up times, when required, will be delivered to 
the simulation system. At this moment the alternative route sheets are defined 
in the simulation model but it should be transferred for the planning task. 

0 
Q 

Figure 5 Experimental use of integrated Process and Production Planning 
functions 

In our approach, we focused our integration effort in short-term to real-time 
scales, e.g. the operational level. Here the monitoring requires the existence of 
a Shop Floor Control (SFC) system for an effective data collection. The 
feedback of data to the integrated Process and Production Planning and 
Control system should be based on measures (e.g. variables) which allow the 
scheduler or any other user to evaluate the performance of the manufacturing 
system. The performance measures also allow communicating up to each level 
of the integrated system on the manufacturing system behavior. The CAPP, 
PPC/SFC and DES systems are the backbone that integrates vertically up and 
down the company organization chart and horizontally across functions. At 
each level of decision making, the evaluation of different strategic and/or 
operational objectives is required. Consequently, several specifically designed 
performance measures are required for evaluation and for guiding the 
management of the manufacturing process. 

3 DEVELOPMENT OF THE EVALUATION MODULE 

The evaluation module has core relevance in the presented architecture. 
Having access to the collected data from the shop-floor we plan that this 
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module will evaluate the operational perfonnance of shop floor and test the 
effectiveness and reliability of process and production planning, whenever 
they are used to run the manufacturing process. The evaluation module should 
be flexible enough to assess the capability of each individual function or the 
overall system in dealing with unexpected events. In Figure 6 it is possible to 
observe some of the facilities planned for the evaluation module. 

lllterfoce: 
Model of an lntegatcd Proce:!s ond Produc:lion PlaMiog and Control System 
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Figure 6 Evaluation module in an integrated Process and Production Planning 
and Control system environment. 

The use of Discrete Event Simulation in the evaluation module as well as 
statistical analysis tools is supported by the understanding that the efficient 
management of the manufacturing system requires system perfonnance 
prediction rather than system failure or malfunction assessment after the 
occurrence of problems. The effective use of simulation requires that a 
validated model of the manufacturing process be built. Its animation 
capabilities will help to observe and understand the results of each simulation 
run. Also the model can always be updated with data that is being collected 
from the shop floor, allowing a better confidence on the results of the 
simulation. For an effective data processing and statistical analysis, in the 
implementation of the evaluation module, an effective link with the shop floor 
control system will be required. This system should allow observing in real 
time the value of some shop floor events. Those events can detennine a set of 
perfonnance measures to be used in the evaluation of the manufacturing 
system behavior. 

Perfonnance measures are interrelated throughout the organization. They 
should be implemented in order to articulate company strategies and 
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monitoring the business results. The linkage betw~en the established strategy 
and of required performance measures becomes very important as 
performance measures are pushed down the organization (Grady, 1991). 
Operational and tactical decision making without regard to strategy can be 
very costly and can result in a non-competitive position. In spite of already 
existing methodologies for defining performance measures we believe that its 
consistency with strategies are not achieved easily (e.g. they need to be linked 
to ensure they support and do not inhibit strategy implementation). Also single 
measures comparisons are dangerous because they overlook the interactions 
between specific objectives at different levels of the organization. In such a 
complex system, characterized by a large number of interacting variables, 
which are related with many different manufacturing activities, decision
making can result in the establishment of conflicting goals. Figure 7 presents a 
set of objectives, performance measures and event types that can be defined at 
each level of the hierarchical organization of a company. 
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Figure 7 Levels of decision making within a manufacturing environment. 

When we consider the difficulties presented above, we propose a new 
approach to define the performance measures, in order to avoid loosing the 
information that exists in each performance measure. This approach is still 
under development requiring further validation. 

The following study has the objective to test the possibility of reducing the 
amount of data for decision making, without losing relevant information about 
the manufacturing process. This data reduction is based on a set of new 
variables that are defined from the initial set of manufacturing variables. The 
technique used is know as Principal Components Technique and is considered 
to be a part of Multivariate Statistics. 

The study was applied on a simulation model of a typical batch 
manufacturing company, for which we defined the following variables: 
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• TEMP.EXEC - Time required to manufacture the total demand of parts; 
• OUTPUT- Number of parts manufactured without defects; 
• A VWIP - Average number of parts in process; 
• AVTIME_A, AVTIME_B, AVTIME_C- Average time the part A, 8 and 

C spent in process; 
• P _MBUSY, P _MSETUP - Percentage of time the machines were 

occupied and in set-up; 
• P _MBLOCK, P _MREPAIR - Percentage of time the machines were 

blocked and in repair; 
• P _ DEFEITOS - Percentage of part defects; 
• OCUP.M.O. - Labor utilization rate. 

Using the simulation system, the company model was built with the 
following characteristics: 

• Machines - A set of 4 machines (resources), each with an input buffer of 
limited capacity, was considered. The operations executed for each part 
type in each machine, has a specific cycle time and set-up time. The 
resources are subjected to failures, which are characterized by the mean 
time between failures (MTBF) and the mean time to repair (MTTR). 

• Parts - A set of 3 types of parts was assumed to be possible to 
manufacture with the existing facilities. For the completion of each part a 
given number and a pre-determined sequence of operations are required. 
For each part, a percentage of defects was defined at the end of the 
process as well as when each failure occurs. Every part type has a demand 
value, however we assumed that in each simulation run a total demand of 
300 units exists. 

• Labors- A set of 4 human resources required for the machines set-up and 
operation was defined. The allocation of each human resource to the 
machines was changed influencing the times for those operations. 

Due to the necessity to have a sample of significant size we planned I 00 
experiments (e.g. simulation runs). In each experiment, we change the initial 
condition of the model, such as the part mix, the launch sequence, the cycle 
and set-up times and labor allocation, machine failure and part defect rates. 
Table I presents the results obtained from the simulation run. 
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Table 1 Part of data matrix 

temp.cxe output avwip avtime_a avtime_b avtime_c p_mbusy p_defeit ocup.m.o 
n 
I 1471,7 288 151,9 745 0 0 73 4 75 

2 1337,8 235 149 664,3 0 0 73,3 21,7 76,5 

3 1123 183 148,1 554,5 0 0 76,7 39 79,1 
4 1036,4 137 151,3 522,6 0 0 74,9 54,3 79,3 

s 900,93 102 150,39 451,65 0 0 78 66 79,4 

6 1478,4 293 150,1 0 739,5 0 43,4 2,3 44,5 

7 1370,5 262 152,9 0 698,7 0 44,9 12,7 46,6 
8 1253 232 151,8 0 634 0 47,3 22,7 48,2 
9 1212,3 204 151,8 0 613,4 0 47 32 49,3 
10 1156,7 179 153,7 0 592,8 0 47,2 40,3 49,2 

... ... ... ... ... ... ... ... .. . .. . 

n - Experiment number. 

With the data matrix obtained from the simulation (Table I) the Principal 
Components technique was used to reduce the dimensionality of data. Using 
this technique a new data matrix was obtained (Table 2) with the contribution 
of the initial variables for the principal components. Each principal component 
(comp.1) corresponds to a new variable. Based on the theory of Principal 
Component technique more than 80% of the information is in the first four 
principal components. Consequently we have reduced the number of variables 
to be dealt with. 
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Table l Contribution of variables for the principal components. 

Comp.l Comp.2 Comp.3 Comp.4 Comp.5 Comp.6 

AVTIME_A 0,38887 0,83217 0,05313 0,21388 0,2054 0,04897 

AVTIME_B 0,1064 0,09589 0,08182 -0,05257 0,02328 0,27666 

AVTIME_C 0,42941 0,5892 0,04627 0,06729 0,19344 0,02789 

AVWIP -0,11326 0,89371 0,0571 0,20611 0,14323 0,1664 

OCUP.M.O -0,05517 0,25755 -0,04437 0,94372 0,17384 -0,06087 

OUTPUT -0,30915 -0,51575 0,71503 -0,04588 -0,22383 -0,06024 

P_DEFEIT -0,21602 -0,22828 -0,93926 0,0212 -0,02179 -0,06313 

P_MBLOCK 0,09262 0,13039 0,02993 -0,05673 -0,03391 0,94476 

P_MBUSY -0,8896 -0,13883 0,09015 0,26088 -0,25022 -0,05759 

P_MSETUP 0,80032 0,42493 0,07227 0,30547 -0,07135 0,04532 

P_REPAIR 0,27192 0,25663 -0,06938 0,19678 0,89852 -0,04143 

TEMP.EXE 0,95403 -0,05647 0,13209 -0,0206 0,17886 0,06631 

Comp.7 Comp.8 Comp.9 Comp.IO Comp.ll Comp.l2 
AVTIME_A 0,04121 -0,03659 0,2407 -0,02965 0,03348 0,01174 

AVTIME_B 0,94465 0,02379 -0,00129 0,00198 0,00143 -0,00148 

AVTIME_C 0,05512 0,6483 -0,00685 0,00779 -0,00885 -0,00165 

AVWIP 0,13159 0,21045 -0,17342 0,03914 -0,03163 -0,01729 

OCUP.M.O -0,05693 0,02885 0,00348 0,00605 -0,00174 0,00157 

OUTPUT 0,06576 -0,09118 0,04116 -0,01337 0,23822 0,00838 

P_DEFEIT -0,06347 -0,05826 0,01317 -0,00735 0,08032 -0,00061 

P_MBLOCK 0,27637 0,01371 -0,0012 0,00154 -0,00342 -0,00039 

P_MBUSY -0,12351 -0,10313 0,06008 0,0006 0,03946 0,12717 

P_MSETUP 0,05055 0,10947 -0,03622 0,23923 -0,01278 -0,00173 

!'_REPAIR 0,02473 0,08301 0,00463 -0,00495 -0,00801 -0,00048 

TEMP.EXE 0,0302 0,04987 0,08992 -0,10622 0,01046 0,0975 

Our understanding of the meaning of these four new variables is presented in 
table 3. In this Table, only the initial variables with a larger contribution for 
the new ones are presented. 

Table 3 Summary of results based on the Principal Components technique. 

Principal Components Initial Variables New Meaning 

Comp.l TEMI'.EXE, I' _MBUSY and I' _MSETUI' Process effectiveness 

Comp.2 AVWIP, AVTIME_A and AVTIME_C Material flow constraint 

Comp.3 P _ DEFEITOS and OUTPUT Amount produced 

Comp.4 OCUP.M.O. Labor utilization 
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These new variables contain all the relevant information about the behaviour 
of the manufacturing system and should be considered as the decision-making 
variables. 

Further steps have to be carried out for the validation of the use of the 
Principal Components Technique as well as for the establishment of a set of 
criteria for comparing performance measures. 

4. CONCLUSIONS 

The architecture of an integrated Process Planning, Production Planning and 
Control system was presented. The integrated system makes use of several 
manufacturing functions enabling the conditions to effectively manage the 
whole manufacturing system. Minimizing the manufacturing costs, reducing 
the lead times and improving system flexibility were the targeted objectives. 

The approach that was implemented aimed at avoiding rushing orders and 
the guesswork usually required when the pre-defined route sheets and 
production plans are to be changed due to unexpected events. The use of DES 
linked to the Process and Production Planning system allowed the generation 
of several manufacturing scenarios closely related with the actual shop-floor 
behavior, since the appropriate linkage with a control system was established. 
The possibility to know in advance the performance of the system through the 
use of the results of the simulation run, allowed the analysis of several 
manufacturing alternatives (e.g. new production schedules), before the 
proposed changes are implemented. 

Simulation tools showed to be very efficient as a data generator, supporting 
the development of other statistical analyses. The use of new variables as a 
performance measure was briefly presented. The approach that uses the 
Principal Components technique needs to be further validated. 
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Abstract 
In common with most traditional data processing systems, a vast majority of 
manufacturing control systems' packages simply process and store large amowtts 
of manufacturing data. This data can hold significant strategic value for an 
organization if it can be transfonned into meaningful infonnation. 

This paper describes the main features of a prototype executive information 
system. based on the application of On-Line Analytical Processing techniques for 
extracting strategic perfonnance data, suitable for making executive decisions, 
from standard manufacturing control system databases. The results of critical 
evaluation by users are described. 

Keywords 
Manufacturing control systems, Perfonnance measurement, Executive information 
systems, On-line analytical processing. 
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1. INTRODUCTION 

Within manufacturing organizations, often one of the largest and most important 
sources of information is the manufacturing planning and control (MPC) system. 
MPC systems are concerned with the planning and control of the manufacturing 
process, and an effective MPC system can provide substantial strategic advantage 
for a company in its marlcets (Vollman 1992). Although activities within 
manufacturing planning and control can be undertaken manually, the complexity of 
modern day systems demands the use of computers to manage them effectively. 
Such systems are, by their very nature, both consumers and creators of detailed 
operational data. They are vital for the daily running of organizations but are not 
appropriate for establishing the overall picture, making comparisons and deciding 
on change (Kelly 1996). 

In efforts to provide solutions to the maze of information held within 
organizations, information regarded to be of strategic importance to decision 
making has been presented to executives by means of computerized executive 
information systems (EIS). Titese systems, originally aimed solely at executives, 
provide highly swnmarized information in a graphical and/or textual format. Such 
systems have achieved various levels of success (Taylor 1994, Nord 1995) at 
addressing the needs of executives, but have been fairly inflexible in being able to 
manipulate data for more detailed analysis. 

2. ON-LINE ANALYTICAL PROCESSING 

OLAP (On-Line Analytical Processing) is a new name for a set of proven 
concepts. The concept that most distinguishes OLAP from many other decision 
support categories is that of multidimensionality. Instead of the infonnation being 
arranged in a set of flat tables or spreadsheets, multidimensional models present 
data in terms of the actual business dimensions of an organization. Tins is the type 
of analysis required by both managers and executives, so as to assess the variables 
which effect the performance of their organizations. OLAP is now becoming the 
technique used for data access and manipulation within EIS (Messina 1995, 
Ferguson 1996). 

As the OLAP approach is amenable to providing a flexible, top down, view of an 
organization, it is postulated that it would be appropriate to apply OLAP to provide 
information relating to functions carried within manufacturing planning and 
control systems. By presenting a set of performance measures which are of 
strategic benefit to an organization, managers should be able to make more 
informed and timely decisions thus providing strategic advantage for their 
organizations. This paper describes a prototype Executive Infonuation System, 
interfaced to an existing MRPII system, to obtain a variety of information in a very 
flexible manner. 
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3. SYSTEM INVESTIGATION AND DEVELOPMENT 

The prototype executive information system has been developed within a research 
group consisting of an academic institution, two software houses and a 
manufacturing company, to assess the potential of the approach. It is based 
around a traditional MRPII framework. Within this framework, the prototype was 
developed around the key areas of inventory control and purchasing. A survey was 
conducted within the manufacturing company. This was designed to determine 
typical perfonnance measures which were used to judge the performance of the 
company and the resulting actions taken, and assess the usefulness of an EIS and 
the types of analysis and features which would be of benefit. 

The findings of the surveys are summarized below: 

• Few measures used to assess the performance of the company related to 
operational activities. Instead they concentrated on broad financial issues and did 
little to help identify sources of problems. Measures used to assess performance 
provided a fixed picture and did not stimulate action 

• Large numbers of reports were generated and filed with no specific aim in mind 
• EIS would provide a useful means of only retaining data useful for specific 

purposes 
• Drilling down through various layers of information would provide the greatest 

benefit in identifying problems and opportunities. 

Perbaps the most important conclusion from the survey was: 
"A manageable set of performance measures is required which will be of practical 
use in establishing the route causes of problems and which provide a true 
representation of an organization. The measures should be represented in an easy 
to understand format in a timely manner". 

Executive Information System Development 
The development of the EIS essentially involved a two stage process. Firstly, an 
initial set of performance measures was developed which aimed to illustrate the 
activities of the areas under investigation. From this initial set of measures, 
attention was then · focused on how they could be represented using 
multidimensional analysis, employing on-line analytical processing (OLAP). 
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Development of Performance Measures 
The initial set of perfonnance measures for inventory control is shown in 
Table I. 

Measure 
Service Level 

Parts availability 

Customer dissatisfadion 

Inventory accuracy 
Sequencing of parts issue 

Shelf life control 

Time a part is in stock 

Increase in inventory levels as a 
proportion of rate of increase of sales 
Average value of inventory 
Inventory turnovers 

Frequency of stockouts 

Objective 
Measures parts that are available in the 
stores when required 
Measures the level of availability of 
arts 

Measures the number of customers 
suffering from unavailability of parts in 
a given period 
Measures the accuracy of stock records 
Measure how well stock issuing 
procedures are followed 
Measures how much stock is wasted 
due to expiry of shelf life 
Determines slow moving or obsolete 
stock 
Measures contribution of increased 
level of inventory to sales 
Measures the value of inventory held 
Measures the frequency with which 
inventory is turned over 
Measures how often parts are 
unavailable in inventory and thus cause 
disruptions to production 

Table 1. List ofPerfonnance Measures for Inventory Control 

Model Design 
For the system to be considered as a beneficial and effective tool, the following 
functional requirements were specified: 

I. Managers and executives should be able to rapidly access information relating 
to pre-defined performance measures, as well as perform ad-hoc enquiries from 
information available within the MPC system. This information should be 
presented in a variety of formats. 

2. The system should provide relevant information which can be used to aid in 
making more informed decisions. 

3. The system should be reasonably simple and straightforward to use. 
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4. Simple navigation through different business dimensions should be provided to 
enhance the ease of use. 

5. Highlighting of exceptional infonnation should be available to draw the 
attention of the user to important issues. 

Conceptual Design 
The system is modular in design (Figure 1), so that individual components can be 
modified without affecting others, and to facilitate future development. Individual 
elements of the system are now discussed. 

Muted I---t crAP 
/lrs:m I-- Tl"lW 

Figure 1. Representation of System Architecture 

MPC System 
The MPC system is the operational system from which manufacturing data is 
extracted. It consists of a number of different relational tables containing 
transactional information. In this fonn the data provides little value for decision 
making. The data required by the EIS, typically resides in a number of different 
tables within the MPC system. It is t11erefore necessary to create links between 
these tables so that the appropriate data may be extracted. The data held witl1in the 
MPC system may also require a certain amount of manipulation before it can be 
extracted. 
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FuncnonalFactTable 
Although the system uses the same data as the MPC system, it does not use the 
same image of it Data is extmcted from the opemtional system, manipulated as 
required and stored in tables relating to the specific function module. These tables, 
called functional fact tables, are used by the analysis tools as their source of 
information. 

Aggregation and Calculation Engine 
The aggregation and calculation engine (ACE) is used to populate the fact tables 
with pre-aggregated data for hierarchical dimensions and pre-calculated data for 
equations. ACE allows for the aggregation of the complete data set. or if required, 
a subset of the original. 

Mulndimensional Cube Definition 
The multidimensional cube definition involves the creation of a definition 'layer' of 
the existing functional fact tables. The layer is in essence a mapping process 
whereby fields are identified within the fact tables and are mapped onto master 
tables. Each master table is equivalent to a dimension within the cube definition. 

OLAP Toolset 
The OLAP toolset is the main element of the system with which the end-user 
comes into contact. Users are able to view multiple charts and reports, rotate 
dimensions, drill up or down, rank information, highlight variances, change 
presentation fonnats and define new calculations. 

Front-End Access 
The front-end access provides a simple method to access the OLAP toolset through 
a Windows environment Access is obtained by clicking on an icon. 

Example 
The application of the system is perhaps best illustrated by means of an example. 
One of the multidimensional 'cubes' relates to inventory movement around the 
system. Within the cube definition process, a graphical entity relationship diagram 
(ERD) is used to illustmte the relationship between dimension tables and centml 
fact table. The multidimensional model provides a representation of all the 
relationships between different dimensions and portrays the types of analysis 
available. Figure 2 shows the entity relationship diagram for the inventory 
movements cube which is used for the analysis of raw materials and components 
control. The dimension tables contain information which describes the transaction 
data held in the fact table, or transaction file. As each cube has only one fact table, 
the cube definition can be said to have a 'one-to-one' relationship with the fact 
table. 
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Figure 2. Entity Relationship Diagram for Inventory Movements Cube 

The objective of the cube is to provide analysis relating to the dynamic inventory 
movements by utilizing data held within stock movement records. Analysis can be 
conducted for any combination of the dimensions shown in figure 2. 

There are essentially two types of dimension, either 'list' or 'hierarchical.' List type 
dimensions are a simple list and are straight forward. However hierarchical 
dimensions contain a parent/child structure where data for parent items is 
aggregated across several child items. When specifying hierarchical dimensions, it 
is necessary to define the parent item of each child. For example, figure 3 
illustrates the hierarchy for a dimension containing stock movement types, as taken 
fiom the inventory movements cube. 
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Figure 3. Example of a hierarchical dimension containing details of movement 
types. 

System Implementation 
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The whole system has been implemented in a Windows environment and presents 
infonnation in a b.ighly visual and easily understandable enviromnent The system 
bas an open architecture in that it can access information from any standard 
relational database. On-line analytical processing (OLAP is used to analyze the 
data so as to present meaningful information to users. 

4. SYSTEM ASSESSMENT 

The assessment of the system was carried out by means of a multi-part 
questionnaire, and feedback was obtained from a number of potential users. The 
results of the assessment are summarized below: 

• It is possible to view manufacturing data in a way which has previously been 
unavailable from MPC systems. 

• Companies are being run by fewer people who require infonnation on the 
perfonnance of their companies in a format which allows different perspectives 
of it to be analyzed. 

• The EIS system developed represents the activities which occur within the areas 
under investigation effectively, and provides relevant and useful information 
which can be used to highlight problems and aid in decision making. 

• The level of detail of the information is sufficient for general analysis, but more 
detailed information is required to identify individual problems. 

• The facilities of drill down and exception reporting were considered to be of 
most benefit to people when analyzing data. 

5. CONCLUSIONS 

OLAP is very much user driven. It is not of great benefit if what is required is a 
rigid set of reports which present a fixed set of perfonnance measures. The 
strength of this approach lies within the ability to view data from a number of 
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different perspectives and thus navigate through different data slices. From the 
models developed during this research, a number of conclusions can be drawn with 
respect to the suitability of presenting performance measurement information using 
OLAP: 

• OLAP provides an effective way of presenting manufacturing data, in a simple, 
intuitive form, and provides powerful manipulation and analysis of such data. 

• Not all types of performance measures are conducive to multidimensional 
analysis. As the range of dimensions restricts the scope of the analysis, it is 
necessaiy to assess the benefits which would be attained from representing 
information multidimensionally , and the costs required to create the cubes. 

• Cubes should be developed to incorporate those measures which are of greatest 
importance to a company. 

• As the number of unrelated dimension items increases, sparsity within the 
models increases exponentially. 

• The manufacturing data itself must be accurate and used in the way it is 
intended. for the system to be useful. 
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Abstract 
A manufacturing system needs to adapt or renew itself rapidly in order to produce 
better and cheaper products that customers require. In this paper a new 
architecture is proposed that features "renewal" within the life cycle of production 
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system. In order to support renewal effectively the architecture includes not only 
the feed-forward structure of plan, design, construction, operation, and 
maintenance, but also feedback information about know-how and experiences of 
field operations. The architecture assumes a virtual enterprise environment which 
accounts for and unifies both design and manufacturing even though they 
typically operate remotely. The architecture supports gathering and categorizing 
multimedia data such as signals from equipment, trouble information, quality 
management information, operators' know-how, etc. A demonstration, based on 
actual field-gathered multimedia data and its associated renewal activities, will 
verify the feasibility of the renewal-centered architecture. The demonstration will 
use object-oriented models and simulators. 

Keywords 
Renewal, Virtual Manufacturing, Real Model, Virtual Model, KAIZEN Activity 

1 INTRODUCTION 

The environment surrounding the manufacturing industries is changing 
substantially. These changes include structural changes in supply and demand, 
development and applications of new technology, and various new measures for 
environmental conservation. Under these changes. the life of manufacturing 
systems tends to become relatively longer compared with that of product. As the 
industries policy for manufacturing system changes from scrap and build to 
improvement, renewal activity in production life cycle is recognized more 
important than ever. 

Although facility life cycle and virtual manufacturing system are studied, the 
industries are not sufficiently equipped with tools, evaluation metltodology and 
technology that should systematically support all phases from planning, 
designing. construction, opemtion, maintenance to disposal of manufacturing 
devices. As production activities of enterprises become more international, it is 
often observed that a manufacturing system is opemted remotely from the 
designing department. In such a case, remote opemtion and virtual enterprise are 
studied to ensure smootlt information exchange between departments and to 
modify or change the system efficiently and at a low cost in accordance with 
changes in manufacturing environment. Advances in information teclmology 
proceed rapidly, and new tools and technology are introduced in market to apply 
to every phase of the life cycle of manufacturing system. 

In view of these trends, a new platform was proposed which aggregates real and 
virtual models without tlte consciousness of geographical distance, and can 
compose, operate and evaluate a manufacturing system of shop floor level in 
design, operation, maintenance, and improvement phases. Through experimental 
evaluation, we verified that tlte platform is feasible and can efficiently realize the 
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improvement ofproductivity of manufacturing systems. On the basis of this result, 
a new reference architecture focused on renewal activity of manufacturing system 
is proposed. which consists of a function model and an implementation model. 
Modeling discussed in this paper is limited to manufacturing systems which 
include devices, operators, materials, and information processed in the shop floor 
level. 

In this paper, Chapter 2 defines renewal activity which we focus on. Chapter 3 
describes the definition of real and virtual models, and the need for aggregation of 
them. Chapter 4 introduces the requirements for renewal activity, and Chapter 5 
proposes a new reference architecture of renewal activity. 

This study has been made as "the Globeman 21 project", a part of IMS 
International R&D Project. 

2 KAIZEN ACTIVITY AND RENEWAL ACTIVITY 

Nowadays the product life is shorter than ever. The production system adopts or 
renews itself in accordance with the change of product. Some of module units, 
which compose manufacturing equipment, are replaced frequently. It is important 
to keep the same or better perfonnance by continuously monitoring and 
maintaining the facilities in normal condition in the operation phase as defined in 
the design phase even though the system configuration of the manufacturing 
facilities is changed. In many Japanese companies, the manufacturing system is 
kept well through continuous KAIZEN activity. KAIZEN activity is based on the 
local shop floor level, and has been carried out in a small group of several 
operators and maintenance persons. Therefore, KAIZEN activity can not always 
be applied to the global manufacturing environment, because it is not fully 
supported by the information system technology. 

This research is intended to realize the environment which supports KAIZEN 
activity using up-to-date information technology. It is supposed that t11e model of 
manufacturing system is built in t11e design phase and that the information of it is 
kept in the electronic data. The operating infonnation is monitored from the 
running manufacturing facilities. If any difference between the model information 
and the monitored data is observed, the monitored data is transferred to the 
model. Through the simulation carried out using the monitored data, the cause of 
the difference is investigated and counter measure is considered and decided for 
implementation. The manufacturing system is re-configured to cope with the 
situation (major change). This activity is carried out in the environment which 
has already been proposed in our R&D activity. In case there is no need of re
configuration, another solution is taken so that some parameters are changed to 
meet the situation (minor change). These activities are called " RENEWAL " as 
shown in figure I. 
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Design 4 Major Change KAIZEN 

"~~~ Activity r----'---, 

Minor Change 

Manufacturing 
......, _ _,.~I Life Cycle 

Infonnation 
Management 

Figure 1 Life Cycle of Manufacturing System and Renewals. 

3 AGGREGATION OF REAL AND VIRTUAL MODELS 

An actually existing manufacturing system is composed of devices, control 
infonnation. management infonnation, material flow, and transaction processes 
among them. Design. implementation and operation of a manufacturing system 
are very complicated because all the elements above are handled together, and 
therefore problems are difficult to identify if they occur. In order to identify a 
problem, a specific viewpoint must be established, and the model is built from that 
point which is selected from many viewpoints such as productivity of 
manufacturing system, operability of devices, quality of products, etc. relating to 
the problem. 

A model represents the behavior of manufacturing system on several types of 
simulators or in other infonnation processing world. It is called a virtual model. 
The virtual model in design phase is made, tested and evaluated from a critical 
point of view iit manufacturing system. Many case studies are carried out using 
the model until the model is fixed to meet the requirements. A virtual model 
expresses the ideal states and their transition of manufacturing facilities under 
given conditions in the virtual world. 
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The virtual model of a manufacturing system has been built and used as a part 
of designing tools. and it is considered sufficient only in the workflow from 
designing. implementation to operation of manufacturing system. But taking 
account of renewal activity, the model needs to represent an existing 
manufacturing system in the real world. It is called a real model which is made up 
of the monitored and measured data of running devices from the viewpoint of 
specific information. The behavior of a manufacturing system in the real world 
can be described using the real data. 

The virtual model is made and used mainly in design phase, while the real 
model is in operation phase. In renewal activity, a new environment is required 
where the real and virtual models are aggregated as mentioned in Chapter 2 
"Kaizen Activity and Renewal Activity." The manufacturing system is evaluated 
more efficiently and effectively. 

4 REQUIREMENTS FOR RENEWAL ACTMTY 

A manufacturing system consists of various devices which have their own 
information items and structures. Infonuation of a device is independently defined 
and is not compatible with that of others, and it is difficult to exchange 
information among devices. To realize infonuation exchange, an interface 
program is needed, which is not general but particular. Therefore a template is 
needed which shows the generic meaning of infonuation independent of the 
structure dedicated to the device. There is too much infonuation to be treated in a 
lump. and it is difficult to find out the necessary infonuation. To simplify the 
problem. the template should be individually built in tlte specific point of view, 
however it should be furnished with common infonuation items and structure. 

The information of these models tends to be exchanged at different places in 
global manufacturing environment rather than in the same factory. The 
communication function is required in global manufacturing environment 
independent of the spatial distance. 

Renewal activity is intended to be the same activity as Japanese KAIZEN 
activity. So the reference model deals with not only on-off signal infonuation of 
the manufacturing devices but also human oriented infonuation such as audio and 
visual signals treated by operators and maintenance persons. In addition to tlte 
character and numerical data processed on the computer, multimedia infonnation 
such as picture, image, voice, animation, etc. is required to be treated in 
integrated and inter-related fonns for tlte purpose of renewal activity. 
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5 REFERENCE ARCIDTECTURE 

The importance of aggregating the real and virtual models in renewal activity is 
described in Chapter 3 " Aggregation of Real Model and Virtual Model" in this 
paper. In order to realize that, two new reference architectures are proposed, one 
for building models and the other for implementing models. 

5.1 Reference architecture for building models 

The necessity of template in building models is described in Chapter 4 
"Requirements for Renewal Activity" in this paper. A new reference architecture 
is shown in Figure 2 as a conceptual platform for building models of a 
manufacturing system. 

The template is necessary for smooth exchange of information not only between 
real models in manufacturing system but also between real and virtual models. 
The template is an interface model of information exchange. It is not a functional 
model, but includes a functional aspect. The template is created from various 
points of views, such as productivity, manageability, operability, maintainability, 
quality assurance and so on, in manufacturing system. It describes briefly the 
meanings of information in order not to depend on the information items and its 
structure dedicated to manufacturing devices. It is common to all communication 
interfaces of real and virtual models, and is provided as a library based on object
oriented methodology. The instance of real and virtual models is created using 
this class library from the specific point of view. 

5.2 Reference architecture for implementing models 

The other reference architecture is proposed as shown in Figure 3 as a conceptual 
platform for implementation of manufacturing system. 

This architecture consists of the following four layers: 
Layer 1 : Common Platform - Represents communication network of data 
exchanges. 
Layer 2 : Object Models - Represents information models of real and virtual 
manufacturing systems with communication interfaces through which data is 
transferred to the communication network, including multimedia database. 
Layer 3 : Tools - Represents manufacturing equipment and devices including its 
controller such as NC and robot, data gathering devices like POP (point of 
production), and simulation tools for design engineering. 
Layer 4 : Users - Represents designer, operator and manager who use the 
information of manufacturing syste.,. 
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This architecture provides solutions for the requirements mentioned in Chapter 
4 "Requirements for Renewal Activity." 

The information exchange between the instances of real and virtual is carried 
out through Layer 1 (Common Platform). The communication in remote 
manufacturing environment is realized through Layer 1 and Layer 2 (Object 
Models). Communication network is realized based on information technology of 
Internet and LAN (Local Area Network) in the factory, etc., and interfaces are 
built using common off-the-shelf tools such as JAVA, C++, and so on. This is an 
infrastructure for data exchange between engineering department and 
manufacturing one. It removes the restrictions of time and space, and leads to 
promotion of smooth business activities in the global manufacturing environment. 

There are many useful data in the real manufacturing system, and operators 
have knowledge and know-how about it. Such information leads to needs and 
seeds for renewal activity of manufacturing system. But it is buried in the files of 
field operation reports or in the head of operator. Two steps are needed for the 
utilization of information in the field, one is to get information, and the other is to 
store it and retrieve necessary pieces. The former is realized in layer 3 (Tools), 
where multimedia devices, e.g. video camera and voice recorder, are used for 
gathering information from operators in the real manufacturing field. The latter 
belongs to database in layer 2. Database archives raw data as they were. In 
renewal activity field data are analyzed from various points of view, and they 
leads to creation of new idea for improving the manufacturing system. 

Object model is built using the template, and has an interface structure common 
for communication with other object models. In renewal activity, there are two 
cases of aggregation of real and virtual models. One is that real model is treated 
in the same manner as the virtual model in the virtual world. The other is that 
virtual data is replaced or incorporated with real data in the virtual model. These 
aggregations are realized in layers 2 & 3 of the virtual world. 

Tools stand for data gathering and displaying devices through which an 
operator monitors the status of manufacturing facilities and inputs 
controVmanagement information in real world. They express simulator and 
calculation software in virtual world. This layer includes multimedia equipment 
and graphical user interface for supporting virtual reality. 

Users mean operators and field managers in the factory, and engineers and 
designers in product and process engineering. They have knowledge and know
how, and they decide what and how to perform renewal activity. 
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6 CONCLUDING REMARKS 

Two new reference architectures are proposed in focus on renewal activity in the 
life cycle of manufacturing system. A demonstration system is prepared for 
validation of the reference architectures. A sample manufacturing system is 
selected as a candidate for demonstration, and information of its features and 
specifications are gathered from designing section and operation field in the 
factory. 

We are now under designing, and in near future we will build a demonstration 
system and will report the result. 
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Abstract 
The result of a study in the area of Concurrent Engineering in Mexican Companies 
is presented in this paper. Tltis study identified the following major issues: the 
need to train/educate engineers in CE and to support design process automation, 
the lack of standardized product definitions and design for manufacture rules, and 
the necessity to introduce social-teclmical design concepts and cooperative design 
methods. From the 12 companies analyzed, two were selected to reengineer their 
design process in order to improve their product development processes. The 
process and information collected was used to develop two Computer Aided 
Engineering Systems to support Concurrent Engineering: Concurrent Design 
System for Automotive Part Dies and Integrated Development Environment ·of 
Glass Products. 

Keywords 
Concurrent Engineering, Assessment Tool, Process Models, lnfonnation Models, 
CAE System 

1 INTRODUCTION 

Mexico is playing a leading role in the Latin American manufacturing industry. 
The NAFT A agreement has forced Mexican companies, especially Automotive 
Parts Manufacturers, to implement new philosophies in order to become more 
competitive. Tlte major approaches being used are: Concurrent 
Engineering/Simultaneous Engineering and Agile Manufacturing. 

In order to support Mexican Manufacturing Companies, ITESM (Instituto 
Tecnol6gico y de Estudios Superiores de Monterrey), the largest private mtiversity 

Computec Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
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system in Latin America. created the CSIM (Centro de Sistemas Integrados de 
Manufactura) with the mission to train engineers witl1 specialized knowledge in 
new manufacturing paradigms, methodologies and computer tools, and to develop 
and transfer new technologies to Mexican Industry. A new multidisciplinary 
research team has been created within CSIM named GI-INCIVI (acronym in 
Spanish for Life Cycle Engineering Research Group). The objective of the group 
is to explore the following areas with a unique integrated approach in Life Cycle 
Research (Molina, 1996): 

1. Enterprise Life Cycle which comprises the strategic management process, 
enterprise engineering/integration process and enterprise lifetime process. 

2. Product Life Cycle that involves the product development process from its 
conception to its disposal. 

3. Technology Life Cycle related to the teclmology management process to 
identify technologies at different stage of evolution (emerging, pacing, key and 
basis) to be used to support the previous life cycle processes. 

This paper presents the results achieved so far at CSIM by GI-INCIVI in the area 
of Product Life Cycle research. 

2 PRODUCT LIFE CYCLE RESEARCH 

The projects related to Product Life Cycle were targeted to introduce and 
implement the concept of Concurrent Engineering in Mexican Companies. The 
following projects have been developed: 

1. Assessment Tool for Concurrent Engineering: An assessment tool was modified 
and applied to 12 Mexican companies in order to identify areas of opportmtity 
to introduce Concurrent Engineering concepts, methodologies and tools 
(Gomez and Molina, 1996). 

2. Methodology for Re-engineering the Design Process: based on the results of 
our study in Mexican companies the need to create a methodology to re
engineer the design process was identified. The aim of the methodology is to 
formalize and integrate the design process in order to standardize and improve 
the development of products within manufacturing companies (Gomez 1996, 
Guerra 19%). The methodology integrates the concepts of core processes, core 
competencies, strategic and technology planning in order to define the 
necessary learning and technical capabilities to support product development 
processes (Hamel and Prahalad 1990). Tins methodology is being extended to 
tackle the Enterprise Life Cycle process as well (Bemus and Nemes, 1994). 
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3. Development of Computer Aided Engineering Systems for Concurrent 
Engineering: once the methodology was developed and applied to two 
companies, prototype CAE Systems to support Concurrent Engineering were 
created to automate the design process using an object oriented language called 
AML (Adaptive Modeling Language) by applying the concept of data driven 
applications (Molina et al., 1995). Data driven applications use two 
infonnation models to support decision making in product development. These 
models are: Product and Manufacturing Model. The Product Model represents 
all the information required of a product through its life cycle. The information 
conceroiJig the manufacturing capability and capacity of a firm's facility is 
captured in the Manufacturing Model. The use of these two models allows the 
designer to have readily access to all the information required to achieve 
concurrent design of products supported by design for X applications (Molina 
and Chemaly, 1996). 

Two case studies has been completed in two companies. In the next sections 
detailed descriptions of the results achieved so far are presented. 

3 ASSESSMENT TOOL FOR CONCURRENT ENGINEERING 

The first phase in our research project was targeted to identify the areas of 
opportunity in Mexican Companies and how companies' product development 
environments are set The Concurrent Engineering (CE) Assessment Tool created 
by Carter and Baker (1992) was selected to support our work in studying 12 
Mexican companies. No specific criterion was chosen to select the companies for 
the study. The companies selected were: engineering companies for capital goods 
(2), glass manufacturers (2), automotive part's manufacturer (6), and house ware 
manufacturers (2). 
The CE Assessment Tool allows the user to have an idea of what kinds of changes 
are necessruy in a company to create a concurrent engineering environment. The 
CE Assessment Tools has four elements (Figure 1): 
I. A questionnaire to assess tbe company's current product development 

environment 
2. A Matrix to determine the CE methods the company needs in order to develop 

a give product successfully 
3. A Dimension Map to detennine where a company is and where it should be 
4. A Priority Map to define the priorities to transfonn the current product 

development environment into a CE environment 
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Figure 1 Concurrent Engineering Assessment Tool (Carter and Baker 1992). 
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Company A Dimensions: 
I. Organization 

a.- Team intcgt"'lion 
b. Empowcmcnl 
c.- Tnining &. EduC3tion 
d.- Autonution support 

2. CommuniC3tion 
lnfustructurc 

a.- Product M.tnagen1enl 
b.- Product Dab 
c.- Fccdbaclc 

3. Requirements 
a.- Requirements Dcftnition 
b.- Planning Methodology 
c.- Pbnning Perspective 
d.- Validaiton 
c.- Standards 

4. Product Development 

a.- Component Engineering 
b.- Design Process 
c.- Optin1ization 

CEAPROArn 

· Labor 
Program 

B Project 
f:l EntC~prise 

Figure 2 Concurrent Engineering Assessment of Company A 

The dimensions of change are related to the organization, communication 
infrastructure, user requirements and product development. These changes can be 
made at different levels of teamwork: task, project, program and enterprise. 
Details of the methodology can be found in Carter and Baker (1992). 

For each individual company an assessment was carried out (Figure 2). Key factors 
defined by the companies for the implementation of CE environments were 
tabulated. TI1e following major issues were identified: the need to train/educate 
engineers and to support the automation of the design process, the lack of 
standardized product definitions and design for manufacture rules, and the 
necessity to introduce social-technical design concepts and cooperative design 
methods (fable I). 

4 METHODOLOGY FOR RE-ENGINEERING THE DESIGN PROCESS 

A methodology has been developed in order to support companies in the 
introduction of Concurrent Engineering, especially to tackle the following issues: 
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Table 1 Areas of Opportunity identified by Mexican Companies 

Key Factors Identified by 
Companies 

Training and Education 
Automation Support 

Product Data 
Standards 

Component Engineering 
Design Process 
Empowerment 

Product Management 
Planning Methodology 

Requirements Definition 
Feedback Protocol 
Optimization Policy 

Team Integration 
Validation of Requirements 

Planning Perspective 

Number of 
Companies 

9 
9 
9 
8 
8 
8 
7 
6 
6 
6 
6 
6 
4 
4 
1 

The necessity to introduce social-teclmical design concepts and cooperative design 
methods, and the need to train/educate engineers. This methodology has the 
following phases: 

1. Diagnosis of Company's Product Value Chain (Suppliers-Products-Clients): 
evaluation of the clwacteristics of products being delivery to the client and 
being acquired from suppliers (material and components). 

2. Analysis of Product Development Process Measures: definition and measure of 
key Variables to evaluate the performance of the product development process, 
for example: product development lead time, extent of co-engineering, number 
of people in product development, etc. 

3. Identification of Product Development Core Processes: detail description of 
processes within product development that are key to the success of product 
designs. for example: product research, product engineering and design, co
engineering, etc. These processes are modeled using IDEFO (ICAM, 1980). 

4. Identification ofProduct Design Core Competencies: definition, evaluation and 
allocation of technological capabilities of humans and technical resources 
necessary to achieve Concurrent Engineering. The concept of core 
competencies from Prahalad and Hamel (1990) is used to establish the criteria 
for their identification, acquisition, building and deployment. 

5. Strategic Planning of Teclmology: definition of the situation "as-is" and 
situation "to-be" in the product development process, and establishment of the 
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transition plans to achieve Concurrent Engineering. The strategic planning 
methodology is based on the Purdue Reference Architecture (Williams, 1993). 

6. Implementation of Teclmology Integration Plans to achieve Concurrent 
Engineering. 

The above methodology has been applied to two of the companies that participated 
in the assessment study: Automotive Parts Die Design Company and Glass 
Manufacturing Company. 

5 COMPUTER AIDED ENGINEERING SYSTEMS FOR 
CONCURRENT ENGINEERING 

Prototype systems, for two company's re-engineered product development process, 
are being developed to explore how to overcome the lack of standardized product 
definitions and design for manufacture mles, and to support the automation of the 
design process. The following tasks are involved in these projects: 
1. Modeling the Product Development Process using IDEFO (ICAM, 1980). 
2. Definition/Documentation of Product and Manufacturing Models using 

EXPRESS (ISO CD 10303 - 11) 
3. Implementation of Product and Manufacturing Models using the object oriented 

environment for Knowledge Based Engineering AML - Adaptive Modeling 
Language (Molina and Chemaly, 1996). 

4. Automation of the design process by implementing Design for Manufacture 
applications using AML 

The idea behind this methodology is based on the fact that Concurrent Engineering 
can be effectively supported by computer teclmologies (e.g. CAE systems) if 
reliable and high quality data is provided to the engineers at all the stages of the 
product development Tite methodologies to develop Product and Manufacturing 
Models can be found in Molina and Chemaly (1996). Tite work related to the 
implementation of the prototype systems for the two companies is at different 
stages of development. The following subsections describe the results achieved so 
far. 

5.1 Concurrent Die Design for Automotive Parts 
The objective of this project is to automate the design of dies for internal and 
external automotive parts. The analysis, standardization and documentation of the 
design process have been completed and the constmction of the Product Model is 
being implemented in AML. Important comments on this case study are: 

• There was a need to redefine the design process and create new stmctures for 
the design teams and incorporate product management techniques. 

• The information required to develop the dies was not stmctured causing a lot of 
errors in the communication of product data between the designer, teclmical 
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sketcher and process designer. Therefore checklists were introduced to control 
the exchange of dmwings and technical data. 

• The Product Model being constructed incorporates the following technical data: 
die features, die components, and manufacturing technology data. 

• An integrated system is being developed based on AML to allow the automated 
generation of die' dmwings, NC code and manufacturing process data. 

5.2 Integrated Environment for Glass Products 
The prototype is complete for a family of water glass products. The system is able 
to design lemonade glasses and verifies the manufacturability of the product being 
designed. It can also produce the process plan for their production in order to 
estimate production time and sales cost. Finally, the system can automatically 
generate the drawing for tooling for the Machine Drive Press glass process. Figure 
3 shows different aspects of the prototype system. Some key technical aspects in 
the development of this prototype were: 
• Knowledge elicitation is the hardest work in the development of automated 

systems. Experts are always busy and are reluctant to share their knowledge. 
• The core knowledge of the glass design is in the tool system, therefore the 

Product Model bas to be built around this knowledge. 
• Not all the DFM rules can be captured, but the benefit of building such a 

system is that new rules can easily be incorporated or old rules updated. 

6 CONCLUSIONS 

Global competition bas forced Mexican Industry to look for new concepts in order 
to become competitive 8l.ld being able to survive. In this paper first attempts to 
support Mexican companies in this survival endeavor have been presented. GI
INCM of CSIM-ITESM bas defined a three phase research project in order to 
introduce Concurrent Engineering (CE) in Mexican Companies. The results of the 
first pbase are the identification of key factors for a successful introduction of CE. 
This study allowed GI-INCIVI to define a methodology to help companies to 
implement CE by introducing new social-technical design concepts and 
cooperative design methods. It also helped in the identification of major topics for 
the development of CE training programs for company's engineers. Finally, 
prototype systems were developed to have standardized product definitions, 
improve the level of automation and apply proven design for manufacture rules in 
the design process. Two case study has been briefly described: Automotive Part 
Die Design and Design of Glasses for Machine Drive Press process. 
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Figure 3 Prototype System of the Integrated Development Environment of Glass 
Products: a) DFM applications to advise designer in defining manufacturable 
glass dimensions b) Automatic generation of production plans to advise on 
production variables, production time and sales cost. 
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Abstract 
Within an envirorunent of rapid demand fluctuations, production planning 

changes are frequent and reductions in tl1e plan proposaVrevision cycle are sought. 
Also, an enlarged production planning scale is urgently sought to deal witll 
integrated management of multiple, globally spread production points. To handle 
t11ese demands, rapid processing of large scale data has become a major t11eme of 
Material Requirements Planning (MRP). In tllis paper a Parallel MRP System, 
using a loosely connected parallel computer, is described. A newly developed 
parallel algorithm, data transfer met11od and load balancing metllod are used and 
the system can reduce the 10 hours or more required by a conventional main frame 
computer for MRP calculations, on tile 120,000 item level, to within 9 minutes 
using a structure witll 6 WS servers. The processing speed of the 6 machine 
structure is 5.98 times the speed of 1 machine and the capabilities increase in a 
linear fashion. In this way simulated applications are possible for MRP in tile 
workstation integrated management of multiple factories. 

Keywords 
Production Planning, MRP, Parallel Processing 

1 INTRODUCTION 

Within an envirorunent of rapid demand fluctuations, production planning 
changes caused by design changes, part shortages and oilier problems are frequent 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
© 1997 IFIP. Published by Chapman & Hall 



Parallel MRP system 525 

and reductions in the plan proposaVrevision cycle are sought. Also, an enlarged 
production planning scale is urgently sought to deal with the integrated 
management of multiple, globally spread production points and other changes. To 
handle these demands, rapid processing of large scale data has become a major 
theme of Material Requirements Planning (MRP). 

In relation to this. the research detailed. here has carried out the development of a 
Parallel MRP System which allows the rapid processing of large-scale data, based 
on the premise of using a parallel processing computer. 

2 TARGETS FOR INCREASING MRP PROCESSING SPEED 

The targets for increasing MRP processing speed are given in Figure 1. The 
horizontal axis is processing time and the vertical axis is number of items, which 
gives an idea of the scale of the MRP, with the MRP processing speed being 
indicated by the line in t11e figure. Traclitionally an MRP on t11e scale of 100,000 
items would require at least ten hours on a mainframe, and be carried out once a 
week. With tltis being carried out several times a day, if an attempt was made to 
carry out the integrated management of multiple factories then more than 100 
times the processing speed would be required. This research has set a goal of a 
speed increase with a wide range from 10- to over 100-times the traclitional speed, 
by increasing tlte number of processing units of a parallel computer. 

'E • 
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IIRP l'rotKslng Spood 
tCon.wnllonal 

mllnfr.nell1 

Number at Hems 

1M 

::'~ Factories c:-
"" ::E:! .... 
!i 
t;.'5 
•::E 
£'0 

l 
100k 

IIRP 

r-.;.;.:.;:----:r--L-...::-=::.,...,~~----.ProcKslng Ume 

_. Reductions In the plan proposal/revision cycle 

Figure 1 Targets for increasing MRP processing speed. 

3 BASIC STRUCTURE AND TECHNICAL PROBLEMS 

In MRP, in order to repeat t11e calculation of the requirements for all items that 
make up the product, dividing tl1e items that must be calculated amongst the 
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processing units and carrying out the processing in parallel is the basic idea behind 
this system. The basic structure of this system is given in Figure 2. The hardware 
consists of multiple Work Stations (WS) connected to a high-speed network. From 
here on work stations connected to a network will be referred to as Processing 
Elements (PE). This system has for each PE one MRP calculation process that 
calculates the require amount of items, and overall a single control process which 
controls the entire progress. In order to increase the processing speed, the 
necessary data is moved to the MRP calculation processes internal memory before 
the calculation commences, and reside there. 

The teclmical problems are the three points listed below. Details will be 
explained in the following sections. 
(1) High-speed data access, 
(2) Load balance, and 
(3) Parallel algoritlun. 

Figure 2 The Basic .structure and teclmical problems. 

4 IDGH-SPEED DATA ACCESS 

(1) High Speed 
Data Access 

(2) Load Balance 

(3) Parallel 
Algorithm 

A loosely connected parallel computer bas been selected this time. The data is 
spread amongst the PEs and stored in their memories. Generally, with a loosely 
connected computer the data transfer between PEs is more than ten times greater in 
comparison to accesses confined to within a PE and it becomes an overhead for 
parallel processing. In this system, a reduction in the overhead that accompanies 
the parallelization bas been achieved by transferring the requirements data for 
multiple items as a group, as shown in Figure 3. It will be referred to as the 
Requirements Carrier. Tite effectiveness of this buffering transferal is detailed 
along with the evaluation of the load balance method in the next section. 
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Parts Structure "E.1 PE3 
MRP Calculation Process tr calculation ProeejJ 

\ litem"a"l .)De item"b"ll item"c" I litem"a" I@PE1 

Requirements Carrier( to PE3) 

~ 
Requirements Requirements I -of lem"b" of item"c" 

n from item"a" from item"a" 0 C @PEn : That item Is calculated at PE , .. 
Carrier Size 

Figure 3 Data Transfer by the Requirements Carrier. 

5 LOAD BALANCE 

5.1 Load balance method 

In order to increase the effectiveness of parallel processing it is necessary to 
make the amount of processing of each PE uniform. Basically with MRP, the 
munber of items to be calculated is made uniform, but in developing this system 
the following two points were taken into consideration. 
(i) When parent items and child items are allotted to different PE, a transfer of 
requirements data occurs. It is possible that if not only the number of items are 
unified for each PE here, but also parent/child items are allotted to the same PE 
wherever possible, then there will be a decrease in the overhead from data transfers 
between PE. 
(ii) In the course of the actual process there will be items that do not require to be 
calculated because of an inventory allocation and so on. Because of tllis, t11ere is 
the possibility that even if each item is allocated uniformly beforehand the load 
balance will be lost and iliere will be a decrease in processing speed. 

Next, detailed explanations of ilie two load balance met110ds developed by tllis 
system will be given. 

Parent/child based method 
The parent/child based metl10d is a load balance method developed in order to 

investigate the possibility (i) given above. This method processes parent and child 
in ilie same PE wherever possible, as well as making the number of items tmiform 
between PE, and is a static load balance metl10d wllich decides beforehand wllich 
PE should process each item, before execution oft11e MRP. 

Dynamic load balance method 
Tllis is a load balance met110d developed to solve ilie problem (ii ) given above. 

Witl1 a loosely connected parallel computer, dynamic load balance metl10ds of the 
type which centrally manage the jobs in one PE result in a large overhead from 
data transmission. In relation to tllis, tllis system uses a met110d of leveling t11e 
load by moving items during the processing t11at have been assigned beforehand by 
static load balance. An outline of this function is shown in Fig. 4. 
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:t~equest of jobs from PE4 
:tAjobs supply order to PE3 
:tB Elimination of item "b"&"c" 

from job queue at PE3 
:tCitem "b"&"c" Data Transfer 

by Item Carrier to PE4 
:tD addition of item "b"&"c" 

to job queue at PE4 

Figure 4 Dynamic load balance method. 

5.2 Evaluation of methods 

Parent/child based method 
An evaluation will be given of the reduction in MRP calculation time by 

assigning parent/child items to the same PE. This result comes from the ability to 
reduce the amount of data transferred. As the transmission overhead per item here 
varies depending upon the nwnber of items loaded on the Requirements Carrier 
shown in Figure 2, this result is affected by the carrier size. 
The simple balance method here does not take into account parent/child 

relationships and is a method that only makes the munber of items unifonn. 
The results of the experiments in Table 1 are shown in Figure S(a). For a carrier 

size of 10 the difference between both is only a few percent. Because a greater 
reduction in the inter-PE data transmission overhead was achieved than originally 
predicted. the difference between them was reduced. Taking into consideration the 
processing time of the load balance program itself, the simple load balance method 
which only makes the nwnber of items unifonn is of sufficient use. 

Dynamic load balance 
Under the conditions in Table 1, this method's perfonnance was evaluated, with 

the load balanced unevenly so that for each level the assigned units of a specific PE 
was three times that of the others (Figure S(b)). As will be explained later, with the 
hierarical parallel method, where the processing of each PE is done level-by-level 
at the same time, perfonnance does degrade when there is a lack of uniformity in 
the load between levels. However, by adding the dynamic load balance function 
perfonnance can be maintained of upto 90% of that at the time when the load is 
balanced unifonnly. 
Table 1 Experimental Condition 

Hardware MPS Parts Num. Parts Structure Inventory Data 

WS(131 MIPS) X 6 2000 120,000 121evels Nothing 
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Figure 5 Performance of load balance method. 

6 PARALLEL ALGORITHM 

6.1 Two methods of Parallel Algorithm 

529 

In MRP there exists a restriction on the order of calculations such that the 
calculation for an item must be commenced after the calculation of requirements 
for that item's parent has been completed. In a parallel algorithm a synchronous 
mechanism is provided which fulfills the above restriction on the order of 
calculations. Furthermore there is a need to reduce two overheads mentioned 
below which is results from the parallelization. 
(a) Processing time required by the synchronous mechanism itself 
(b) The waiting time that occurs in the synchronization 

In this system two methods have been developed for the parallel algorithm, the 
"hierarchical parallel method" and the "part parallel method", and their 
comparntive evaluation was carried out. The details of these two methods are 
given below: 

Hierarchical parallel method 
The hierarchical parallel method simply applies the level-by-level calculation 

order, which uses the low level code of conventional non~parallel processing, as it 
is to the parallel algorithm. An outline of the process is shown in Figure 6. The 
calculation procedure repeats the calculation of items synchronizing them at each 
level. 
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Do until the final level 
t@IVhen level n is finished, 

report and suspend. 
(a MRP Calculation Process) 

tA Wen all finish level n, 
order to resume. 
(Control Process) 

tB start level (n+1). 
(a MRP Calculation Process). 

Figure 6 Hierarchical parallel method 

Part parallel method 

De 

The part parallel method is a new method which differs from the level-by-level 
calculation order which uses conventional low level code. An outline of the 
process is shown in Figure 7. 

By controlling the progress of the calculation at the item level in tllis way, items 
that can be calculated are regularly stored in the job queue, reducing the chance of 
synchronization waits occurring. Also, tllis method does not use any low level 
code. Because of this, while conventionally when there was some design change 
several hours were required to process updates to the low level code, now there is 
no need to cany out this processing. In other words, tl1ere is a smooth integration 
of design and manufacture. 

Do until all items are finished 
t@IVrite the child items' 

requirements data directly 
or via the network. 

tACheck whether all parent items 
have written to each child item 
when writing. 

tBif s9,add the child item in 
the job queue at the PE. 

Figure 7 Part parallel method 

6.2 Evaluation of the parallel algorithm method 

A comparative evaluation of t11e hierarcllical parallel metl1od and part parallel 
method was carried out from the following viewpoint: 

(1) Synchronization mechmlism 
The amount of calculation for each MRP calculation unit was made uniform for 

each level in advance. Table 1 shows the experiment conditions, mtd Figure 8(a) 
shows the experiment results. 

The perfonnance of the part parallel metl10d was equal to or greater titan tl1e 
hiernrchical parallel method. From tllis, it can be seen tlmt altl10ugh t11e part 
parallel method's synchronization mechanism is complex, tl1e processing time 
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when the program is actually installed is the same as that of the hierarchical 
parallel method. 
(2) Synchronization wait 

The perfonnance, under the conditions in Table 1, when the load is balanced so 
that for each level the number of items assigned to a particular PE is three times 
that of others is shown in Figure 8(b). 

The part parallel method reduced the synchronization wait to the same level as 
the hierarchical parallel method using dynamic load balancing. Even if the amount 
of calculation for each PE is not unifonn at each part level, if the load is balanced 
so that the total amount of calculation is unifonn, as with these experiments, the 
part parallel method is thought to be superior from the simplicity of its mechanism. 

Speed Up 6 - - - ... - -.. - ....... , .... , 
: Part Parallel~ 

5 · · · ~ Met~od . · · ·. ,--: 
I I I I I 

4 .. - ~ ... :· . . . . . . ·: . . ·: 

3 .. Hierarchical.: 
. , Parallel 

2 · · · · · · :· · · ~ethoq 

l IF'-1 _ _..2 __ 3.____._4_ ...... 5 _ __.~PEs 

(a) Perfonnance ofunifonn load 
at each level (Totally unifonn) 

Figure 8 Evaluation of parallel algoritlun 

-tt- Part Parallel Method (only) 
+ Hierarchical Parallel 

Method (only) 
-i -· Hierarchical Parallel Method , 
· with 0 amic Load Balance 

o~=:f=::::z:==~=-: 
2 3 4 ~ · 5 SPEs 

20 

(b) Perfonnance ofummifonn load 
at each level (Totally unifonn) 

7 OVERALLPERFORMANCEEVALUATION 

Based on the evaluation of each process method in the previous sections, an 
evaluation of the parallel MRP system's overall perfonnance was carried out. The 
experiment conditions are shown in Table 1. The following was gained from the 
experiment results. 
1) As shown in Figure 9, the system reduced the 10 hours or more required by a 
conventional main frame computer for MRP calculations, on the 120,000 item 
level, to within 9 minutes (67 times tlte processing speed including DB access) 
using a structure with 6 WS servers. 
2) As sbown in Figure 8(a) and 9, tlte processing speed of the 6 machine structure 
is 5.98 times the speed of 1 machine and the capabilities increase in a linear 
fashion. Also, a highly efficient parallelization of 95% or more was achieved for a 
wide variety of Bill ofMateria1s (BOM) fonns such as shown in Table 2. 
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Figure 9 Perfonnance of parallel :MRP system 

• ) annotation 

Memory-Resident Ca lcul a~on is very 
Etrecitve, but the experimental data 
for oonparison v.ith a mainframe MRP 
is 10 big that data owapping happens 
on 1 PE, calculating MRP. 

Speed Up ,using smaller size of data 
(314 of Table 1) that doesn, eause 
data awapplng on 1 PE, Is given below. 

MRP Processing time 
1PE : 477.8 sec 8PEs : 79.8 sec 
Speed Up =Speed on 8PEs 

Speed on tPE 
= 5.98 

Table 2 Parallel efficiency (6PE against 2PE) with a wide variety ofBOM fonu 

BOM Rough Parts Num. Speed Up(6PEI2PE) Efficiency 

Form Sketch (Ideal= 3) (SpeedUp/Ideal) 

0 

8 CONCLUSION 

A parallel MRP system has been developed for the high-speed processing of 
large-scale data. This system can reduce the 10 hours or more required for 
conventional MRP calculations, on tlte 120,000 item level, to within 9 minutes 
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using a structure with 6 WS servers. Also, the capabilities increase in a linear 
fashion. 
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Abstract 
Zero Inventories (Z.I.) or near zero inventories, are we doing the right thing? 
Some years ago going along with inventory reduction beyond the more or less 
apparent economic optimal level bas been justified in terms of getting the 
synergistic effects of flexibility, productivity and quality, and we all have seen the 
very famous diagram representing a company as a ship crashing into reefs when 
low tide (low inventories) comes. 
That is really true. and till a certain limit, clear savings in expenses are obtained 
from this policy simply doing things right with no significative investment. 
Therefore, you normally are forced to reduce lead-times, with synergistics effects. 
This is a path to be walked at a fastpace, at what point do we stop ? The paper 
establishes the practical limits for inventory reduction using the concept of the 
"economic transfer lot" that is affected, among other factors, by the practical 
economic level of the "minimum production lot", that is calculated in terms of the 
"manufacturing system decision triangle" 

Keywords 
J.I.T, Z.I., Manufacturing Strategy 
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1. INTRODUCTION 

Car component makers are particularly forced to make continuous improvements 
in lead-times and costs reduction. Figure 1 represents a very attractive interaction 
in which cleverly focused lead-time reduction leads to dramatically reduced costs 
simultaneously improving quality and service. But is this an absolute linear non
ending model, suggesting Z.I. (Zero Inventories) as the panacea for best 
manufacturing practices. The answer is no. The multiplying links of the figure 
works out only from an initial manufacturing system given situation to another in 
which the maximum limit achievable manufacturing flexibility is a function of the 
involved machines technology. 

nG.l: LEAD TIME. ITS REDUCTION AND COMPETIVITY IMPROVEMENT 
Note the ''nnJtiplyins" characteristics of the links. 

Going onreducing set-up times beyond tllis point is just a waste of precious time 
and money. Therefore, the minimum level of inventory you can have depends 
only on the Technology Strategy you are practicing. The confusion stands because 
the problem in real life is identification of tlte inventory sources. Taking that into 
account if you reduce the level of tlte inventory related to a lot-sizing practice of 
(roughly Y2 EOQ), and you compare tlte figure witlt plant obtained samples, the 
surprise is that theoretical inventory is only one third (or less) than the sampled. 
Where is the difference? Very easy; on things that must be dramatically 
eradicated; machine breakdowns, inadequate and suppressive CPK 's, scrap and 
rework, under controlled process adjustments of setting up witll loss of expensive 
material, or inadequate or very slow operating planning and scheduling systems. 
Z.I. that must be pursued most is tile inventory you have because all these things 
more or less randomly occur. This is the limit of linear behaviour of the model 
showed in Figure I, and what we call P.Z.I. (practical zero inventories). 
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Proper identification and removal of these scraps requires the previous setting of 
logistics model and a coupled technology strategy for the involved machines and 
plant physical systems. 

2. THE LOGISTIC MODEL AND THE MANUFACTURING DECISION 
TRIANGLE 

Supposed defined if you are an assemble to order (ATO), manufacturing to order 
(MTO) or a manufacturing to stock (MTS), the identification of main and auxiliary 
lines is the key o issue. The Figure 2 represents the layout of lines. 

LEAP LINE 

FlO. 2. LEAD AND AUXU.IARY LINES. A SIMPLE MODEL 

The main line is synchronized, as a time buffered inventory, contains the most 
value added product parts and process technology, and sets the manufacturing 
lead-times. The main lines contains the reserve capacity for differentiation of 
product inventory, quality, flexibility and service, and cost reduction for the future. 
The auxiliary lines (machines or subcontractors) are decoupled systems likely 
producing any of the rest of the areas represented in Figure 3, and perfonuiug JIT 
or reorder-level-point operating practices. 
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Main lines are the places to perform PZI, and doing this hierarchically through the 
logistic model is extremely useful, given that it channels product and process 
innovation and more intensive continuous improvement management efforts. 
Which is the most convenient practical lot-size in the main-line? If you can 
manufacture as small as you rationally can move, you get the following: 

- If the customer is fixed orders window is small (and in fact is decreasing 
continuously), there is a clear trend to order what is reasonable to move and 
deliver in manufacturing lots equal the main line remains syncron..ized along 
process stages. 

- Operative integration of production and material handling persmmel with 
decreasing labour costs through polivalence and self-balancing. 

- Extremely simple and straight planning, scheduling and control systems, 
complemented by easy work in progress visual traceability. 

- Everything in the plant must be moving (with exception of safety time-buffer
stock) and assigned to a customer order. 

- Safety time-buffer stock size, convenience and lead-time added is clearly and 
continuously visually identified so decisions about definitive or occasional 
removal of safety are very easy to take. 

- With the exception of some given scheduling conveniences (grouping for 
savings in set-up times), customer orders priorities or changes have reduced 
productivity. 

So, it is clear that in the main line manufacturing technology must be coupled with 
the idea of doing manufacturing lot size equal to transfer lot size. The level of the 
transfer lot-size is selected with the criteria of minimizing handling costs, and 
depends on the product morphology, distances, and transport device design 
(selected for minimum handling costs). 

With these conditions, we have to select the manufacturing technology for the 
main line. Minimum theoretical set-up times have to be reasonable for producing 
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transfer lot sizes, and are calculated reversing the well known "Wilson" or 
"Coverage" fonnula (Coverage analysis is more appropriated for a family of 
products produced in expensive main lines). With deduced convenient set-up 
times, maximum admitted direct and labour costs, and product life cycle, we move 
to the Figure 4; the machine decision triangle. 

Compatible 

FlG. 4. MANUFACTURING SYSTEM DECISION TRIANGLE 

Looking at the figure, and if needed flexibility is given by the transfer-lot, what we 
have to do is move as much as possible to automation but keeping the ability for 
rapidity in changeovers. Tllis contradictory trade-off can be alter in own favour 
with good integrated product and process engineering practices. Tl1e Table 1 
represents how to decide on the different alternatives, and Figure 5 situates them 
on an interline flow-chart. 
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HOW TO BALANCE THE "MACHINE TRIANGLE" OR THE "DECISION'S CUBE" 
IN PRACTICE(Iortho key-machines orthol,.d oyncronlrod lint) 
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3. DEDUCTION OF PZI AND RELA1ED M.I.S (management information 
system) 

The size of PZI can be calculated in a roughly way (formula-based) or by 
simulation of optimal sequences in scheduling systems software that has the input 
of the 'MPS (master-pian) for the main-line (FIG. 6). The difference is that in the 
first, products are independently pipe-lined along the main line, and t11at with 
simulation grouping and changeover savings-and then some finish product 
inventory excess-arises. Depending on real cases, both are valid tactics, and their 
results are the ideal limits for plant management performance indicators. 
The formula for deducting PZI for one part in terms of time is: 

PZI =I: (Set up time+ Transfer lot*Production-time+Transport-time+Minimum Safety lead-time) 
(time) (process 

stages) 

PZI = PZI * unit cost* Annual Demand (units) 

365 
(money) (time) 

FIG. 6. GANTT CHART OF AN SCHEDULING SYSTEM SOFTWARE 

Finally, a convenient M.I.S. for managing ZPI could be as follows: 

• PZI excess (see FIG. 7) = 
+• Time EDI - Time dispatching. 
+•Time breakdowns and shortages - Time scheduled for buffering. 
+• Time scrap+rework - Time scheduled for buffering. 
+• Non-identified . 
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This non-identified piece of excess must also be continuously traced for deducting not so 
obvious problems. 

TIME 

Real Time 
Inventozy by 
production control 

MPSI MPS2 MPS3 MPS4..................... TIME 

FIG. 7: INVENTORY EXCESS FROM PZI 

4. CONCLUSIONS 

The paper concludes saying that Z.I. is not, general speaking, a consistent strategy, 
but very interesting approach is arised if you fight Z.l. only for these all elements 
that are not part of the manufacturing system decision triangle strategy, and tltat 
push to you to have, sometimes, much more inventory than optimized 
correspondent set-up times EOQ would. 
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Network middleware for enterprise 
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Abstract 
Enterprises are confronted with the challenge to lower cost of R&D and product 
engineering. More efficient transfer of know-how from R&D to engineering and 
between (generations of) engineers facilitates facing the challenge. Enterprise 
know-how has to be conserved in enterprises in the form of software such as for 
simulation, electronic documents and data. IT can enhance enterprise operation 
by giving engineers that work in or for the enterprise, easy access to the enter
prise know-how. This requires a combination of distributed and centralized 
computing, a suitable network strategy and IT tools for management, control 
and use of the conserved enterprise know-how. In the paper the middleware 
SPINE for UNIX networks is described by which the network presents itself to 
the engineers as one single virtual computer. In the paper the considerations and 
the technical principles are illustrated by examples from two applications: a 
national virtual centre for Computational Fluid Dynamics for engineering and an 
IT framework for distributed multi-discipline design, analysis and optimisation 
of industry products. An estimation is given of the effort to be spent to realize 
and maintain such virtual single computers for a cooperating group. 

Keywords 
Enterprise network, middleware, IT, enterprise automation, engineering. 
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mM SP2 American Parallel Scalar Computer with Distributed Memory 
ISNaS Computer Based Working Environment for CFD 
ismo Computer Based Cooperative Working Environment for MOO 

International Organization for Standardization 
Information Technology 
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ISO 
IT 
MOO Multi-disciplinary Design, Analysis and Optimization of Aerospace 

Vehicles, Project 
MFLOP/s Mega Floating Point Operations per second 
NEC SX-4 Japanese Parallel Vector Computer with Shared Memory 
NICE Project aiming at a Nation Wide Virtual Centre for CFD in The 

Netherlands 
NLR 
PSUE 
R&D 
SPINE 

National Aerospace Laboratory in The Netherlands 
Parallel Simulation User Environment, Software Utility 
Research and Development 
Software Utility for Presenting a Computer Network as one Single 
Virtual Computer to Users 

sx4dev A Collection of Tools for Development of Software for the SX-4 
TCP/IP Computer Communication Standard 
TNO-TPD Technical Physical Institute in The Netherlands 
UNIX Computer Operating System, Trademark 

1 INTRODUCTION 

Enterprises are confronted with the challenge to lower cost of product en
gineering. In this context engineering staff is minimized. Increasing the efficien
cy of enterprises by minimizing staff requires increased attention for manage
ment and control of engineering know-how. In view of this engineering know
how has to be conserved in enterprises in the form of software such as for 
simulation, electronic documents and data on electronic carriers. For engineer
ing know-how in these forms it is possible to make use of Information Tech
nology (In for management, development control, access and application. 

R&D has to lead to production of products that are appreciated better by 
customers, that can be delivered at lower cost and for which engineering and 
production is possible in shorter time. For R&D results to become useful for an 
industrial enterprise, R&D results have to become enterprise know-how. This 
means that R&D results have to be transferred from R&D organisations to 
industrial enterprises as ready to use software, documents and data. 

Enhancing enterprise operations in engineering is possible by enhancing 
accessibility and applicability of enterprise know-how. Minimizing staff to lower 
enterprise cost nowadays very often means that engineers are only hired to 
perform specific jobs. This means that it is required to enhance accessibility and 
applicability of enterprise know-how for engineering with partly temporary staff 
members. Using IT makes it possible to transfer more efficiently know-how 
between (generations ot) engineers at various geographical locations. 
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It is a task of the enterprise itself to control the use of IT for enhancing 
operations. As a consequence IT is at least a required core competence of the 
enterprise. In chapter 2 a UNIX network and network middleware is described 
by which enterprise enhanced operation is possible. In chapter 3 and chapter 4 
the use of the network and the middleware is illustrated to generate IT based 
working environments for application of computational fluid mechanics and for 
application of a combination of computational fluid mechanics and computa
tional solid mechanics respectively. Chapter 5 contains information concerning 
effort to be spent by any participating company for establishing the working 
environment and for maintaining it. 

2 A UNIX NETWORK FOR OPTIMAL ENGINEERING SUPPORT 

2.1 Computer network required for engineering 

When we look at the most powerful compute servers installed in the world 
(Dongarra, 1996) we see, at the top of the list, massively parallel computers 
with many scalar processors and distributed memory and vector computers with 
several processors and shared memory. The vector computers are easier to use 
than the distributed memory computers, especially with computational mecha
nics software that is frequently used in engineering (Vogels 1995). 

The most advanced industrially applicable computational fluid mechanics 
(CFD) software for aerodynamic analysis in aircraft engineering at the moment 
is based on the Reynolds-Averaged Navier-Stokes equations (Rubbert, 1994). 
One not too detailed computation for a full aircraft configuration requires about 
S hours in case of a sustained computer performance of about SOOMFLOP/s. 
One of the interesting applications of these computations for the near future is 
support of aerodynamic optimization (Borland, 1994). Optimization requires 
more computer performance than analysis, because for optimization for instance 
about 40 times solution of the flow equations in combination with an op
timization algorithm is required. With a NEC SX-4/16 (a vector computer with 
16 processors and shared memory) it is possible to realize for CFD a com
putational performance on 14 processors of 8,500MFLOP/s (Ven van der, 
1997). With knowledge of only a few techniques on vectorization and coarse 
grained parallelization, this is realized with relatively little effort (only DO-loop 
parallelization). One aerodynamic optimization of 40 analysis runs then takes 
about 10 hours. Based on this reasoning NLR decided to procure a NEC SX-
4/16 for R&D and for support of engineering in The Netherlands (Loeve 1996, 
Hameetman 1997). 

The process of engineering an aircraft is characterised by a large number of 
activities executed by engineers from various disciplines mostly located at 
different geographical locations. The engineers use a variety of simulation 
software tools. Engineers need workstations for graphical interaction with their 
tools. Sharing of know-how between specialists has to be safeguarded which 
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means that information servers and intranet servers are required in addition to 
compute servers and workstations. The network has to give access, for all 
involved persons and groups, to the computers as well as the software, data and 
electronic documents that are stored on the computers. Computers, workstations 
and information servers such as data management servers with tape robots have 
UNIX operating systems. Complexity of the computer networks and of the 
collections of software systems used in engineering processes both increase 
continuously in industry. 

2.2 The need to present the network to engineers as a unity 

Many problems occur in practice when engineers try to use a network: 
- Remote access to computers is difficult to organize. 
- Programs lack uniformity in user interface and data interface. Incidental use 

is practically impossible because of time required to familiarize. 
- Problems with programs on different computers can be: 

• finding out on which computer a specific program may run, 
• remote login and remote execution, facing the user with aspects such as 

authentication and accounting, 
• operation of different operating systems or variants of the "same" operat

ing system cause incompatible utilities, 
• exchange of files between computers, 
• incompatible data formats due to different byte ordering and represen

tation of real numbers in different computers. 
- Users have to organize, manage, and find a way through more on-line infor

mation than that is accessible on a single computer. 
Removal of the technical and organizational shortcomings mentioned above 

will enhance the enterprise operation for simulation in engineering. Information 
about know-how (data, documents and software) shall be made available on
line. Information shall be managed and controlled in such a way that reconstruc
tion of old information is possible and information can be exchanged between 
specialists in the same way as if they all make use of one computer. Acces
sibility and applicability of the software has to be such that the user does not 
have to be skilled in areas such as, computer programming, computer operating 
systems and computer network tools. Finally the user has to be assisted in 
organizing, re-using and integrating a continuously growing amount of software, 
data and supporting help information. 

Only by making high performance computing a natural part of desktop work
station applications, the use of high performance computing in engineering will 
spread according to the need for competitive enterprise operation. 
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2.3 Network middleware for enterprise enhanced operation 

Since computers were introduced at NLR in the late fifties this institute has 
applied a centralized IT approach. The main reasons were economy of scale and 
the need to be able to procure the computing power that is required for the most 
demanding applications (Loeve 1976). In addition productizing of software 
developed by NLR for CFD in industry is performed by IT professionals. In 
this development much attention was paid always to quality management. This 
resulted in an ISO 9001 and AQAP-110 certificate for development of simula
tion software. It also resulted in development of architecture and construction 
principles for development of CFD software according to industry needs 
(Vogels 1997). 

Finally, quality management resulted in the development of a software utility 
called SPINE that supports the construction of general as well as ap
plication-oriented working environments (Baalbergen 1994). A SPINE-based 
working environment gives access to local and remote computing resources and 
information in a network. The network presents itself with SPINE as one single 
computer (a "metacomputer") to its users. In addition to hiding the networking 
details, SPINE provides mechanisms for easy customization of the metacom
puter (to the needs of a particular user, group of users, or application area), for 
easy operation of the metacomputer by the user, and for management and 
control of information. SPINE is being further productized jointly by NEC and 
NLR. Currently, SPINE is based on, and targeted towards UNIX computer 
networks, in which the individual computers run vendor-supplied UNIX and 
standard TCP/IP-based networking software and tools. 

The working environments constructed using SPINE are highly portable and 
easy to customize. Moreover, the working environments are open and exten
dible, in that any UNIX and TCP/IP based computing system can easily be 
integrated, and that existing software and other forms of electronically available 
information can easily be integrated. To support the operational use of a work
ing environment, SPINE comprises technical solutions for the key elements of a 
metacomputer: an easy-to-use desk top, facilities for the management of infor
mation, and middleware. 

The desk top provides the user of a working environment with a graphical 
integrated user shell. The shell provides a uniform and consistent view with 
respect to presentation and manipulation of data files, documents, and source 
code, and with respect to execution of tools. The data management and proces
sing operations are available in terms of point-and-click and drag-and-drop 
operations on windows and icons. The shell provides control over multiple 
windows in combination with multi-tasking. This makes it possible to have 
several tools running simultaneously. The shell also provides the user with 
contextual on-line help, both on the operational aspects of the working environ
ment as well as on the applications. 

In addition to the Windows look-and-feel of SPINE, the shell supports data-



Network middleware for enterprise enhanced operation 549 

oriented, tool-oriented, as well as work-flow driven modes of working. The 
work-flow capability of the shell supports work-flow management, in which 
data and tools can be configured in a network that supports, or even may en
force, certain scenarios or activities. Work flows are considered to resemble an 
engineer's way of working, and to provide an intuitive means of specifying jobs 
and controlling the execution of the jobs. Work-flow management also enables 
transparent and automated information management, e.g., to enforce synchroni
zation and reconstruction of activities and results. 

SPINE supports the Computer Supported Cooperative Working aspects of 
information management by providing tools for managing storage, access to, 
and modifications of data, documents, software and any information related to 
this, and for the exchange of information among users. The task of SPINE's 
middleware is to manage the available resources in order to accomplish the 
single computer look-and-feel, and to exploit the potentials of the underlying 
computer network. The middleware also takes care of the application of data 
conversions required to deal with hardware and data-format heterogeneity. 

SPINE, by being based on standard UNIX and TCP/IP software, has proved 
to be applicable for realization of environments that span both local-area and 
wide-area networks. For example, the NICE environment (see chapter 3) spans 
the local area networks of the NICE partners, but also gives access from remote 
workstations to NLR's SX-4 vector computer and CFD software as well as the 
compute power and software in other partners in the NICE project, over the 
Internet. In this way, a Netherlands-wide CFD working environment has been 
realized. 

At the moment, several systems exist that support realization of, mostly only 
part of the aspects of, metacomputing. For example, the Parallel Simulation 
User Environment (PSUE), aims to provide a software platform that can be cus
tomized for particular simulations. However, PSUE provides a particular desk
top model, which leaves hardly any freedom with respect to customization, and 
which enforces a tool-oriented mode of working, whereas the SPINE desk-top 
model supports data-oriented, tool-oriented, as well as work-flow driven modes. 
Another example is SiFrame, an open working environment that aims at suppor
ting design-process management in a multi-user environment. SiFrame, how
ever, concentrates mainly on the work-flow driven way of system interaction. 

Most developments in metacomputing are primarily driven by research in 
computer science, which has resulted in a gap between scientifically well
founded metacomputing solutions and industrial needs. This gap often leads to 
products that do not meet the demands from engineers. SPINE, although in
cluding results of scientific research, has its roots in a practical engineering en
vironment, viz. ISNaS (Section 3.1) at NLR, has proved to be the solution that 
meets the demands in modem engineering. Examples of SPINE applications are 
given in the next chapters. 
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3 THE USE OF THE UNIX NETWORK AND MIDDLEW ARE FOR 
COMPUTATIONAL FLUID MECHANICS 

3.1 CFD working environment in one organisation 

Since the earliest developments of SPINE it has been applied ro ISNaS, a work
ing environment for flow simulations (Vogels 1989). At first, the working en
vironment was aimed to support the use of flow simulation packages across the 
NLR network that connects the two NLR establishments. The distance between 
the establishments is 100 km. The network consists of workstations and ter
minals that give access to mainframes acting as compute-, intranet-, internet
and data management servers. The centralized automation policy at NLR made 
it economically possible also to integrate a supercomputer in the network since 
1987. Because of its success, more functionality was and is added continuously 
to the network and to the network middleware of SPINE. 

ISNaS now supports both use and development of simulation software. The 
use of the simulation software is supported by integrating the entire pipeline of 
simulation analysis: geometry modellers, grid generators, flow solvers, and 
postprocessors. File transfer and remote logins are hidden from the user. Ex
change of different file formats between the various tools is made transparent to 
the user using the SPINE facility for implicit file conversion. Exchange of 
documents and data is made possible through easy-interface databases. Feedback 
to the developers of both the working environment and the simulation software 
is made easy by the use of electronic forms. 

The development of simulation software is supported by providing via SPINE 
a software version management tool, and a toolpack sx4dev which integrates 
several development tools on the NEC SX-4 (more about the toolpack in Section 
3.2). A framework for the creation of a regression test suite is available within 
the working environments. For support of development control, electronic forms 
are used to manage error reports. 

DEVELOPMENT 

F'~gure 1 Building blocks for both use and development of engineering software. 
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For both users and developers project management systems can be set up. 
Such a project management system consists of an electronic project archive, a 
search engine on this archive, a drag-and-drop mechanism to submit documents 
to the archive, and a database for electronic forms. W. e will see an example of 
such a project management system in Section 3.2. 

The building blocks of the working environment supporting both use and 
development of CFD software are shown schematically in Figure 1. As is clear 
from the figure development and use interact and overlap. 
The development of a working environment is dominated by two principles: 
- an integrated tool has added value to the user, 
- the working environment shall adapt to the user and not vice versa. 
This also implies that integrated tools do not stand alone in the working en
vironment: they are surrounded by tools that either supply input or use the 
output of the specific tool. This integration of tools greatly facilitates their use. 

The success of the present working environment is probably best exemplified 
by the following. A CFD trainee was asked to perform an analysis of air heater 
flow. The trainee had a thorough knowledge of flow physics, and numerical 
mathematics. But he was less familiar with supercomputers, networks, UNIX 
and postprocessing. Using the working environment he was able to perform and 
analyze a specific flow configuration within one week. The analysis consisted of 
the entire pipeline from preprocessing up to visuali~tion. 

3.2 National CFD working environment 

To enhance the use of HPCN techniques the Dutch government partly finances 
the project NICE, Netherlands Initiative for CFD in Engineering. NICE aims to 
promote the use of CFD methods, developed at universities and large technolo
gical institutes, to industry and small and medium enterprises. On the one hand, 
new (parallel) algorithms are developed motivated by the needs and wishes from 
the industry, on the other hand, these algorithms are used to analyze flow 
problems from the same industry. Development and use are combined in a 
single initiative. 

In order to facilitate the use of remote resources NICE develops a nation
wide virtual centre for flow simulation HFS based on SPINE. HFS consists of 
two parts: a common part to all NICE partners, and a part specifically tuned to 
the needs and wishes of a NICE partner. The network on which HFS operates 
consists of the local network of the partner and the NEC SX-4 at NLR. HFS is 
a specialized 'ISNaS' at each partner, extended with a common set of tools for 
both project management and development on and use of the NEC SX-4. 

Management of the project NICE is facilitated through HFS. A project 
management system is part of the common tools in HFS. The system consists of 
an electronic project archive, electronic error reports, and search engines to 
search both the project archive and the error report database. The project ar-
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chive has a technical report repository. Development on and use of the NEC 
SX-4 is supported by the toolpack sx4dev that integrates tools for compiling, 
executing, analysing and debugging source. Automatic makefile generation 
allows for manipulation of the source code. Options of the tools are based on 
the experience of experts in supercomputing. Using this tool the computational 
kernel of a flow solver of TNO-TPD was compiled, executed and analyzed 
within a quarter of an hour. Before that, TNO-TPD had never worked on an 
NEC supercomputer. 

By supporting both development and use of CFD software HFS is suited for 
a wide range of customers. From novice users inexperienced with CFD, throu
gh experienced users with a need of more powerful resources, up to developers 
of new algorithms and software. 

An example of a customer needing more powerful resources is ESTEC. For 
a time-accurate simulation using a multi grid, multi block structured solver they 
required more memory than their IBM SP2 could supply. Moreover, throughput 
times became prohibitive. Even though the code was originally written for 
scalar machines, a porting effort of roughly three manweeks increased the 
megaflop rate from 80 MFLOP/s on the IBM SP2 to 500 MFLOP/s on the 
NEC SX-4. 

4 THE USE OF THE UNIX NETWORK AND MIDDLEW ARE 
FOR MULTI-DISCIPLINE ANALYSIS AND OPTIMIZATION 

4.1 Problem analysis 

To effectively resolve cross-discipline trade-offs both to improve aircraft perfor
mance and reduce development timescales and costs, concurrent engineering 
principles are under investigation for the preliminary design stage. 

In Europe, the MDO Consortium 1 is addressing integration of design and 
analysis tools creating a Multi-Disciplinary Optimisation (MOO) capability 
(MOO Consortium,1996). The purpose is to develop and demonstrate the via
bility of MDO and validate this for simplified but realistic aircraft preliminary 
design tasks concerning the design of a large civil aircraft where a non-trivial 
interaction is expected between the mono-disciplines of aerodynamics and struc
tures. NLR, one of the Consortium members, carries out the work in a mul
ti-disciplinary team with specialists from aerodynamics, flight mechanics, struc
tures, and information technology. 

1The MOO project !Multi-Disciplinary Design, Analysis and Optimization of 
Aerospace Vehicles) is a collaboration between British Aerospace, Aerospatiale, DASA, 
Dassault, SAAB, CASA, Alenia, Aermacchi, HAl, NLR, DERA, ONERA, and the Univer
sities of Delft and Cranfield. The project is managed by the British Aerospace and is 
funded by the CEC under the BRITE-EURAM initiative (Project Ref: BE95-2056). 
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In the MOO problem, different aircraft designs are compared by comparing 
the Direct Operating Cost (DOC) for the aircraft design. For the problem at 
hand, the DOC is simplified in a model containing drag and total weight. The 
problem of DOC evaluation for an aircraft design can be solved in more than 
one process, each leading to a different approximation of the DOC. Therefore a 
DOC value for an aircraft design can only be interpreted in the context of the 
process in which it was achieved. 

Process model 
The process is modelled in so-called ftf diagrams where the (N) contributing 
disciplines form the diagonal of an N*N matrix, the off-diagonal entries show 
the dependencies between the disciplines. An above-diagonal entry denotes a 
feedforward coupling, a below-diagonal entry denotes a feed backward coup
ling. 

The top-level N2 diagram for the NLR process for the early problem is given 
in figure 2. The figure shows the involvement of the disciplines. On lower 
levels, similar N2 diagrams show the detailed processes. The level of detail of 
the If diagrams is dictated by its usefulness for the MOO-process and usually 
stops at the level of a mono-discipline. 
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Changes in the mono-discipline software for the multidiscipline context 
On the MOO level, it is assumed that all disciplines have their own (mono-dis
ciplinary) application software. The application software runs on the NLR heter
ogeneous UNIX network, involving e.g. SGI work stations, CD4810 scalar 
compute server, and the NEC SX-4 parallel vector machine. Data, documents 
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and software are stored via a data management server on a tape robot. Most 
software is home-brew, implemented in Fortran and C. The software frequently 
changes to satisfy additional requirements. 

Three types of changes are required for the mono-discipline software to 
function in the multi-discipline context. First, the mono-discipline software has 
to accommodate for the communication with the other disciplines, on the level 
of detail and in the terminology specified in the If diagrams. Whenever pos
sible, this accommodation consists of interface programs which translate be
tween the MOO-parameters/results and the mono-discipline's parameters/results. 

In this way, the mono-discipline application software can remain unchanged, 
and can be used for solving mono- and multi-discipline problems. 

Second, whereas in mono-disciplinary work it may be acceptable that the 
work halts when a specialist is unavailable, in multi-disciplinary work carried 
out in a team, it is not acceptable. The work may be taken over by a colleague 
less familiar with the MOO problem, or by a multi-discipline team member of a 
different discipline. A prerequisite for enabling someone else to perform the 
absent specialist's work, is accessibility to the mono-discipline software. This is 
organised in the MOO environment "ismo" (Section 4.2). 

And, finally, again because of the team character of the multi-disciplinary 
work, it is required that the application software, used for the MOO work, is 
identified and reproducible. 

4.2 Set-up of MOO environment 

One of the purposes of the MOO environment is, as explained above to provide 
access to all mono- and multi-discipline application software of the MDO team. 
This includes the shielding of the computer network, and providing the virtual 
computer feel. For this purpose, the mono- and multi-discipline application 
software is integrated into an MDO environment based on SPINE. 

Application software which is unchanged by the multi-discipline context, and 
which is already under version management, is considered to be identified and 
reproducible. Newly developed application software (such as the interface 
programs with the MOO-level), and changes in existing application software are 
version managed in the MDO environment. 

The challenge for information technology is not only to capture the process 
as in If diagrams, but also to supply an MDO environment which supports the 
work according to the MOO process view of the disciplines involved. The 
application software in the MDO environment is structured (in levels and 
groups) according to the If diagrams. In this way, the MDO environment 
reflects the MOO team's view on the MDO process. In Figure 3, the highest 
level of MOO programs is given, showing the elements (in alphabetical order): 
1 ac-performance; 2 ac-specification; 3 ac-stability; 4 aerodynamics-and-trim; 
S model-generation; 6 multi-inspection; 7 structural-optimisation. 
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Figure 3 Screen-dump of"ismo" showing the top-level of MOO programs. 
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The diagonal elements in the MOO process (Figure 2) correspond to the "ismo" 
elements 2, 5, 4, 3, 7 respectively. The "ismo" elements 1 and 6 are additional 
compared to the diagonal elements in the MOO process; they are included in the 
environment "ismo" because: 
- "ac-performance" has been identified as a contributing discipline, but has 

been left empty for the problem at hand, 
- "multi-inspection" is a passive process, not producing any information to the 

DOC formula. 

5 EFFORT TO EFFECTUATE AN IT SUPPORTED COOPERATIVE 
WORKING ENVIRONMENT 

The common working environments for cooperating groups of engineers as 
described above are based on the principle that members of a cooperating group 
are willing and able to share information that is made available by members of 
the group via procurement or development. This concerns information in the 
form of · software, data or document. Sharing information means that develop
ment control of information is applied by each originator. This concerns such 
aspects as version control as well as planning of activities and communication 
about planning issues. Also standards for the structure of information that 
support access of information, and maintenance procedures have been agreed 
upon by the group and are being applied. The information has been described 
preferably in such a way that the descriptions can be provided as help infor-
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mation for non-regular users or even be provided in the form of tools that facili
tate or support execution of the procedures. Rules have been developed with 
regard to authority to modify, release, consult and apply information. Control 
mechanisms for access to the computers have been implemented to support 
application of the rules. 

The effort to be spent to realize that specialists are willing to cooperate, to 
share information and to make this also possible strongly depends on the degree 
of application of process and product control in the concerning enterprise(s). It 
may require a costly change of mentality such as when for instance process and 
product control according to the ISO 9000 industry standard has to be intro
duced in an individualistic R&D environment. One of the reasons to spend the 
effort in such cases may be the need of transformation of the situation with 
operation mainly based on input financing to the situation with operation mainly 
based on output financing in a competitive environment. The effort may take 
several calendar years and may cost several manyears even for a department 
with less than 20 people. Realization of an IT supported cooperative working 
environment requires that all concerning individuals have a desktop computer 
that is connected to a common network. This may require an additional effort 
for enterprises with many isolated desktop computers. 

Installation of the SPINE software and a working environment containing a 
small number of tools takes only one day effort by experts. Maintenance and 
extension of functionality of the working environment take roughly four man
weeks a year, and depend on the number of users and the number of tools. 
These figures are based on several years' experience at NLR and at or
ganisations that NLR cooperates with on the basis of SPINE working environ
ments. For new working environment managers a day's course introduces them 
to the concepts and structures of SPINE. In our experience UNIX experts 
quickly grasp the potential of SPINE. SPINE is currently extended with functio
nality for support of working environment modifications. This will significantly 
reduce ·the effort required for maintenance and modification. It appears that 
using a SPINE based working environment even for a limited number of ac
tivities in an enterprise may facilitate further introduction of product and process 
control according to the ISO 9001 standard in the enterprise. 

6 CONCLUDING REMARKS 

Hiring engineering staff when needed requires that enterprise know-how is 
conserved in software for simulation, electronic documents and data. 

For engineering in industry it is essential that cooperating engineers can use 
the computer network of the enterprise as the central nerve system for exchan
ging, accessing and using enterprise know-how. 

Network middleware such as in SPINE can be used to realize that for co
operating engineers a complicated (national) high performance computer net
work can be accessed and used as one single virtual computer. 
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Abstract 
Electronic data exchange will be one of the key element for raising the low 
productivity levels of construction projects. This paper advocates the use 
Infonnation and Communication Teclmologies (ICT) for improving construction 
communications, and describes the business and technical objectives of a 
framework which aims to create, implement, test and evaluate an EDI-based 
communication infrastructure between the various parties involved in the 
manufacturing process of construction. The infrastructure explores the potential of 
both STEP and EDIFACT, and is to automate the ordering, delivery, invoicing and 
payment process of construction systems, equipment and services in a supply chain 
whose members are on very different levels regarding ICT. 
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1. INTRODUCTION 

The construction process is characterised by temporary networks of "co-operating" 
organisations also designated as virtual enterprises. The coordination and control 
within these virtual enterprises is far from efficient. Thus, construction industry 
productivity is lagging behind manufacturing and service industries. One of the 
developments that may improve productivity is the deployment of computerised 
interorganisational information systems between the various parties. Indeed, the 
establishment of effective communication and logistics processes involving 
designers, contractors, subcontractors and material suppliers, is perceived by many 
construction researchers and practitioners as an area which deserves further 
research and development. 

ICT systems have long been used by firms on manufacturing and service 
industries, specially on banking, automotive and retailing industries. Research 
studies have shown that there is scarce use of ICT systems by firms involved on 
construction projects. Electronic Data Interchange, using EDIFACT standards for 
commercial information and product data exchange using STEP are two available 
technologies that are useful for building a ICT infrastructure for construction 
virtual enterprises. 

This paper starts by describing the potentialities for the development of an ICT 
infrastructure for construction virtual enterprises and the technologies available for 
building the infrastructure. It follows by describing the business and teclmical 
objectives, as well as the predicted industrial impact of a development framework 
which aims to create, implement, test and evaluate an EDI-based communication 
infrastructure between the various parties involved in the construction process. 

2. THE IMPORTANCE OF INFORMATION COMMUNICATIONS IN 
CONSTRUCTION 

There is a well established consensus about the low productivity on the 
construction industry, specially when compared with other industries and even that 
the gap is increasing (Atkin and Pothecary, 1994; Latham, 1994). The construction 
industry is a mature industry and in the last few years, due economical recession 
and globalisation, there has been an increase of the competition within the 
industry. Moreover, products are becoming more complex and clients more 
demanding requiring cheaper, with lower lead times, and with higher quality 
products (Atkin and Pothecary, 1994) 

The construction process is characterised by temporary networks of "co-operating 
" organisations (Cherns and Bryant, 1983). Indeed, for each project a virtual 
enterprise is assembled in which architects, engineers, specialist designers, 
contractors, subcontractors, suppliers, etc. organisations are brought together in 
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order to build the product. In a traditional and simplistic way, construction projects 
are split into the design and construction phases. The architect is the project leader, 
developing a design and design management responsibility and devolving a role 
for specialist design and management functions to engineers, surveyors and the 
like. On the construction phase a main contractor is responsible for the completion 
of the entire project and procures the services of specialist firms. These specialist 
firms are subcontractors who cany out work on-site, and suppliers who 
manufacture products off-site and deliver them as needed. 

In order to improve productivity, current developments in the sector are 
increasingly focusing on more effective management of the construction virtual 
enterprise, through developments such as design and build, multi-disciplinary 
design and project management, and inter-organisational information systems. 
Good project management must nowadays pay as much attention to the production 
as to the overall information flow. Increases of 15% to 20% in the performance of 
projects (cost, quality, speed, customers satisfaction) may be accomplished if the 
information flows within the virtual enterprise are carefully addressed and 
improved (Latham, 1994). However, the short-term duration of construction 
projects. the non-repetitive nature of the industry, and the geographical distance 
between headquarters of the companies and the construction sites which have a 
limited existence in time and space, makes it difficult to have timely, adequate, and 
accurate information for project coordination and control activities (Atkin and 
Pothecary, 1994). Moreover, little attention has been given to the establishment of 
effective communication and logistics processes involving designers, contractors, 
subcontractors and material suppliers. 

Information and Communication Teclmologies (ICT) have been a major enabler 
and facilitator of the effective management of the interdependencies and 
information flows of the banking, manufacturing and retailing industries. Indeed, a 
contrasting difference between manufacturing/service virtual enterprises and 
construction virtual enterprises is that the former are enabled and supported by 
wide ICf infrastructures. Construction projects are characterised by the elaboration 
by the various parties of large amounts of computer generated information, that 
circulates and is exchanged on a paper format (Thorpe and Murray, 1996). Thus, 
there is wide scope for the development of an ICT infrastructure that allows closer 
working between the various parties involved on construction projects, i.e. between 
designers and contractors; contractors and subcontractors, material suppliers, 
builders merchants and/or plant hirers. An ICT infrastructure imply that 
information flows on construction projects would be partially automated and 
aiming at a paperless working place. Technical information, i.e. drawings, 
technical advice, etc.; management and control information, i.e. project planning, 
progress reports, delivery schedules, etc.; and commercial information like orders, 
BoQ, tenders. invoices, valuations, etc. could flow seamless through ICT 
infrastructure between the parties involved in the virtual enterprise (DOE, 1995). 
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3. ICT INFRASTRUCTURE AVAILABLE FOR CONSTRUCTION 
FIRMS 

3.1. -Electronic Data Interchange (EDI) 

EDI is the electronic transfer from computer to computer of commercial and 
administrative information using an agreed standard to structure the transaction or 
message (Emmelhainz, 1993). The essence of EDI is the structured data transfer, 
which allows information to flow from one computer to another without manual 
intervention. 

The development of EDI is dependent on (Akintoye and McKellar, 1997): 
Transaction message standards; Translation software which interface between the 
application software and the message standards; Telecommunications to transmit 
the structured data from one computer to another. 

The main benefits from the use of EDI by construction firms are envisaged to be 
(Baldwin et al, 199 5): 
• reductions in paper handling; 
• shifting personnel work from no-added value tasks to more relevant work; 
• elimination of data re-keying; 
• dramatic reduction in data processing errors; 
• savings in communication costs; 
• increased production efficiency; 
• reduction in supply and distribution costs (through a better supply chain 

management); 
• more flexibility and responsiveness; 
• shorter communication cycle time. 

The international standards for commercial data is based on the EDIF ACf 
~lectronic I!ata Interchange for Administration, ,Commerce and Iransport, ISO 
9735). This standard defines a significant number of messages for different 
applications (e.g. order, delivery, inquiry etc.) which reduces the communication 
overhead for the information exchange between companies. Today there exist more 
than 40 standard messages and more than 150 messages are under development. 

Table 1 indicates some of the EDIF ACT messages relevant for the construction 
industry. Two of them are related directly to tl1e building invoice, t11e rest is 
without special emphasis to the industry in question. Subsets of the above listed 
EDIF ACT messages which are dealing witll building and construction industry are 
not available by now. 
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Several research studies have shown that there is scarce use of EDI by construction 
finns. In the UK. studies show that the only firms using EDI are builders 
merchants, which are electronically linked with some material suppliers and 
manufacturers (Baldwin et al, 1995; Akintoye and McKellar, 1997). The main 
reasons for the low dissemination of EDI on the construction industry are the 
industry's fragmentation; fragmented clients; unique nature of each project; sheer 
complexity of the construction information flows; and lack ofiT (DOE, 1995). 

3.2. -Product Data Exchange 

EDIF ACT has been developed in support of administration and commercial 
activities. In construction industry, we are not dealing with standard of-the-shelf 
products in the majority of cases. Ordering of "make-to-order" products such as 
dormer windows, conservatories, boilers, etc. accompanies significant level of 
engineering information and is normally accompanied by an intense data-exchange 
process on design refinement. The international standard which supports the 
exchange of product data for manufacturing is STEP (STandard for gxchange of 
froduct model data). 

Although there has been sporadic interest and involvement in STEP from within 
the construction sector reaching back to the mid 1980's, the current level of 
involvement began to take shape with an Application Protocol Planning Project for 
Building and Construction (APPP-BC) that was formally initiated in October 1993. 
The APPP identified nested families of models required to represent information 
from building construction industries. The AP's currently under development 
within the building construction group are as follows (Katranuschkov and Scherer, 
1996): 

• AP225 - Building Elements Using Explicit Shape Representation (ISO 
1995). AP225 is aimed at representing buildings as assemblies of elements 
- e.g., beams. columns, windows, etc. - along with the explicit (i.e., non
parametric) 3D geometry of each element and some additional information 
such as material properties, building element classification or element 
versions. The AP has been developed as a German nationally funded project 
headed by W. Haas, and it is tlte furthest along in the standards process of 
tlle building construction AP's, having reached Committee Draft stage in 
January 1996. Experimental implementations have been completed that 
exchange complex building CAD models between heterogeneous CAD 
systems. 

The major Units of Functionality (i.e., object groupings) defined in AP225 
are listed as follows: 
• building elements are the discrete, large-scale pieces of or things in the 

building 
• building components correspond to individual shapes tlmt make up an 

overall building element. For exantple, a column element may consist of 
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a main cylinder component along with other additive components to 
fonn base and capital sections and subtractive components to form 
blackouts. 

• the composition Units of Functionality (UoF) identifies buildings which 
decompose into building sections and levels. the building elements, 
which can be arranged into element assemblies, are positioned within 
these sections and levels. 

• the design administration Units of Functionality (UoF) identifies 
infonnation such as approvals, modifications, or acceptance of building 
elements. 

• the properties and classification Units of Functionality (UoF) 
represents non-geometric element infonnation such as material 
properties and classifications. 

In addition, there are several geometJy UoF's to describe specific shape 
representations (Katranuscbkov and Scherer, 1996):. 

• AP230 - Structmal Frame: Steelwork. AP230 arose from a large European 
EUREKA project called CIMsteel. One ofCIMsteel's goals was to advance 
infonnation integration within the structural steel industJy, a challenge met 
with the development of product models and integration prototypes. In 
1994, the CIMsteel product model was promoted as a STEP AP project 
covering construction steelwork frame design, analysis and detailing, and 
fabrication. The development is lead by A. Watson and M. Ward of Leeds 
University. 

• AP228 - Building Services: HV AC. AP228 focuses on heating, ventilation, 
and air conditioning building services. The project has drawn heavily from 
two European projects, JOULE COMBINE and ESPRIT ATLAS. The 
project is lead by P. Poyet and J. Monceyron of CSTB, France. 

4. A FRAMEWORK FOR DEVELOPING AN ICT INFRASTRUCTURE 
FOR CONSTRUCTION 

4.1. -Generic description of the framework 

Grounded on the context described by the two previous chapters, we have 
developed a high-level framework which the overall objectives are the 
development of a information and communication management infrastructure, 
including standards (STEP and EDIF AC1), to provide transport and transparent 
presentation of product data and business infonnation in the multi-supplier, multi
site environment of construction industJy (Figure 1). The framework intents 
through the application on real cases to accelerate and enhance the ability of 
European construction industJy to capitalise on the emergence of a powerful 
Information Infrastructure. 
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Figure I: Multi-supplier, multi-site environment ICT infrastructure R&D 

framework 

The goal is to achieve an "information logistics" infrastructure providing the 
required data at every step of the business processes, to underpin the logistics of 
the supply and distribution of buildings and equipment The framework considers 
that the building of an ICT infrastructure must be tailored with respect to the 
heterogeneous supply chain typical for construction industry, which involves 
partners of all company sizes and I CT -skill levels. 

The development framework applications will focus on the commercial and 
architectural refinement business chains and will be primarily targeted at 
supporting the production process. It will be targeting the complete integration of 
product, process and business data for the above chains. The development of EDI, 
standard interfaces and inter-organisational information flow system will lead to a 
complete electronic working environment. 

4.2. -Technical objectives 

The technical objectives of the development framework are as follows: 

Inter-organisational information flow system 
• Supporting the co-ordination of distributed business processes in temporary 

architectural and production networks. 

ED /FACT-message types for construction industry 
• Defining construction and building specific EDIFACT messages respectively 

subsets for selected commercial business processes and engineering processes. 

STEP product modelling 
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• Contribute to the development of the Application Protocol for electronic 
exchange of Explicit Shape Representations. 

STEP and ED/FACT processor development 
• Developing an EDI environment to support the management of technical data 

and commercial data for the construction project business chains. 

Integrated ED/, STEP-EDJFACT processors, and information flow system and 
application 
• A prototYPe implementation of business chain scenarios for purchasing and 

architectural refinement. 

Implementation and demonstration 
• Implementing and demonstrating the applications developed, and resulting 

benefits through data exchange cases between firms based on real business 
scenarios. 

Dissemination and exploitation 
• Provide the applied R&D results to the public especially to SMEs by 

establishing Supplier/Subcontractor forums. 

Recently a consortium of four industrial firms and a research institute have started 
to apply tllis research and development framework into real cases. The results will 
be described elsewhere. 

4.3. -Business and industrial impact 

The development ofEDI and ICI' on construction virtual enterprises is expected to 
lead to important changes in its structure and organisation. Some of the factors that 
are perceived by some construction researchers as hindering the development of 
electronic information exchange are expected to change (Grilo et al, 1996). 

Relationships. The relationships on construction industry are usually adversarial, 
committed to the project duration, and with low co-operation and collaboration. 
Following trends in other industries, with the deployment of electronic 
communications, it is envisaged that construction parties develop more trustful, 
long-term committed and collaborative relationships. The current project 
partnering trend is expected to be extended to strategic partnering. 

Information Exchange. Due its complexity and uncertainty the information 
requirements of the construction industry are very high. However, due the usual 
contractual arrangements and the type of relationships, information sharing is 
restricted to operational levels and the strictly necessary to the completion of tl1e 
projects. Moreover, the quality of the information is low. It is envisaged that the 
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EDI/Email will facilitate more better information sharing and improve its 
timeliness, accwacy, adequacy, and transparency. 

Process Innovation. Construction companies do not see procurement and logistics 
as core processes. There is a lack of believe that improvements on those processes 
may bring real project benefits. Moreover, it is stressed in the industty that benefits 
may only occur if radical changes are made.This applied research and development 
framework envisage to demonstrate that incremental changes on the procurement 
and logistics processes of the construction virtual enterprises enabled and 
supported by an IT infrastructure can provide real benefits to construction projects 
andfinns. 

Technology. There are very few ICT applications developed specifically to the 
construction virtual enterprises. As construction business processes have 
peculiarities when compared with manufacturing and service industries, it is 
important to develop not only tailored applications but also to construction specific 
ICT expertise. 

5. CONCLUSIONS 

Electronic exchange of information within construction virtual enterprises is seen 
as having a significant role in improving the productivity of construction 
processes. In order to achieve tll.is we have presented a development framework 
which aims at exploiting the potentials of both tlte STEP and EDIF ACT 
approaches to product and process data communication by a concept of combining 
the complementary nature (business versus engineering data) of both approaches. 
This, together with an EDI system based on a interorganisatiooal infonnation flow 
system, will facilitate the realisation of a virtual enterprise of smallest and largest 
companies. It is expected that an ICT infrastructure like the one described here will 
impact the relationhsips; infonnation exchange; process innovation and technology 
of the construction industry. 
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Abstract 
The increasing demand for flexibility has led to new manufacturing control 
paradigms based on the concept of self-organization and on the notion of agents. 
But there is a lack of methodologies in the design of agent oriented manufacturing 
systems. We explore the design of such systems at three different levels of the 
manufacturing process: workshop, cell and machine-tool level, emphasize the 
specificity of each level and outline possible solutions. 

At the workshop level, the heterogeneity of the system leads to agent 
identification problems. We present a model of an autonomous agent that 
facilitates the identification. For an efficient man-machine integration, we propose 
a self-organizing protocol that benefits both from the initiative of the human spirit 
and the efficiency of the artificial machines. 

The complete automation of the cell level allows for the use of scheduling 
techniques, but short term disturbances and the complexity of the problem led to a 
very fast but low efficient self-organizing protocols. We propose a variation of the 
contract-net that uses genetic algorithms. 

Finally, long term changes in production is the specificity at the machine tool 
level. A forma] method to describe both the machine and the control system in 
terms of reliability is outlined. It enables the designer to choose a composition of 
the agent system that reduces communication and optimizes the total reliability. 
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I INTRODUCTION 

The first manufacturing control architectures were usually centralized or 
hierarchical. The poor performance of these structures in very dynamic 
environments (Duffie, 1987) and their difficulties with unforeseen modifications 
(Dilts, 1991) led to new control architectures. Multi-agent paradigms emerged like 
Multi-Agent (Ferber, 1995), Holonic Manufacturing (Christensen, 1994 ), 
Heterarchical (Hatvany, 1985) and Bionic (Okino, 1993) Systems. They all present 
a relevant interest to the manufacturing community because they bring a solution 
to the management of the uncertainty of the manufacturing environment 

The different Multi-agent paradigms have a common feature. They all propose 
Self-Organized Systems that change their internal organization on their own 
account. The aim of this paper not being to differentiate the various paradigms, we 
will use Multi-agent as a generic term for self-organized. 

Therefore, a multi-agent manufacturing system is composed of self-organizing 
agents, that may be completely informational (i.e., order or scheduling agents) or 
representing subsystems of the physical world. 

We propose a basic decomposition of the design of multi-agent oriented 
manufacturing systems : 
1. Identification of the agents. 
2. Design of the self-organizing protocol. 

In these two steps of the design we propose to identify some specificity and 
guidelines tied to the three following levels of the manufacturing process: 
• Workshop level that represents the usual factory workshop, with a mix of CNC 

and traditional machine tools, human operators, robots, etc .. 
• Cell level that corresponds to a completely automated manufacturing system, 

that can act with a minimum interference of the operators. 
• Machine tool level where the different components of tbe system are 

completely integrated in the same platform. 

2 DESIGN OF A MULTI-AGENT WORKSHOP 

Workshops are usually heterogeneous: Not only are the material resources 
different in function and nature but they belong to different organizations (human 
organization, automated control). This heterogeneity of the system makes the 
identification of the agents rather unclear. 

Our agent identification method proposition (Schafer, 1996) is based on the idea 
that an agent should be an autonomous intelligent operator (Morel, 1994) to 
improve the system fault tolerance capabilities (Duffie, 1994). We can thus deduce 
the agent basic capacities: 
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• to transfonn its environment in at least one of the dimensions shape, space and 
time. 

• to control the result through observation 
• to communicate to palliate its lack of observation capacity. 

The resulting model for our manufacturing agent is shown in Figure 1, and an 
application for a specific workshop is given in Table 1. 

I 
COMMUNICATION 

I 
I RECEIVE I 

MESSAGES I ~~AGEs! 
I-+[ AGENT t-

[::f.?.:~~~~~~::=J [ TO Acr I 

TRANSFORMATIONJ 

Figure 1 The Manufacturing Agent Model. 

Table 1 Sample Workshop Composition 

Transformation How to observe? How to act? 

Resource Fonn camera or human to use machining or 
Agent operator assembling tools 

Part Agent Time electronic tag to cause resource utilization 

Storage Time human operator to store and distribute in the 
Agent stockage area 

Transport Space camera, sensor or to effect delivery with AGV or 
Agent human operator human operators 

However, what distinguishes the workshop level from the cell level is the human 
operator. To integrate the operator in the automated system, a solution consists in 
interfacing an agent with him (Christensen, 1994). Inter-agent organization is then 
taken in charge by the artificial agents and the human being is simply considered 
as a resource. 

We claim that the operators could participate directly in a self-organizing process 
at the same level with the artificial agents. This could be realized with reactive 
agents (Ferber, 1995), that have simple behaviors based on their perceptions. 
Although individually very simple, a reactive multi-agent system may exhibit very 
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complex group behavior. An example for the transport of the parts mixing hwnan 
and auto-guided vehicle could be made with a simple system of lamps: 

When a workstation needs a transport agent it sends a red light that signals its 
need. Artificial agents controlling the AGV detect the signal, and if they have no 
task to do, they automatically approach the source. The hwnan transport operator 
can also see the signals. He may participate in the transport process or not 
depending on his own judgment of the situation. 

In this section we have shown the specific heterogeneity of the workshop, 
outlined a model for agent identification and presented a self-organization protocol 
adapted to hUman integration in such a system. 

3 THE FLEXIBLE MANUFACTURING CELL 

The specificity of the Flexible Manufacturing Cell (FMC) is to be completely 
automated. In that case there is no basic contrast to t11e agent identification in the 
workshop. Figure 2 presents the composition of our generic system with t11e OOA 
formalism (Coad, 1991). There are only two types of agents: the stations and the 
transfer system. Parts and storage area are not considered as agents because t11ey 
have no resources enabling them to be autonomous (Ramos, 1997). 

Complete automation allows the use of traditional scheduling methods. But in the 
case of job-shop manufacturing, the problem is both dynamic and NP-hard. The 
scheduling is then confronted with a combinatorial explosion of the nwnber of 
solutions with a very limited search time. Multi-agent specific scheduling 
techniques have already been employed to solve job-shop problems. Among them 
the contract net protocol (Smith, 1981) was used in several manufacturing systems 
(Parunak, 1988), (Duffie, 1987). This self-organizing protocol was found to give 
.low efficient scheduling (Nof, 1994). The challenge is now to increase t11e system 
performance. Dividing t11e problem in two and using a combination with a 
traditional scheduling method may bring a solution. 

The internal problem of the Workstation 
The workstation has several Parts to machine and must find a schedule optimizing 
an internal criteria. For this problem the Genetic Algorithm (GA) approach was 
used (Aizana, 1994). 

The problem of the allocation of Parts to the Workstation 
The contrnct net approach is applied here : The arrival of a part to the FMC is 
transmitted to the transfer agent that must find a workstation for it. An offer is 
broadcast to the stations witl1 the message "location" which activates t11eir own 
GA. The workstation then sends the message to the transfer agent "acceptpart" 
which contains the proposal of acceptance at a specific date. The transfer agent 
chooses the workstation and transports the part with a minimwn processing date. 
This dynamic is shown in Figure 2. 
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Figure 2 Composition and dynamic of the cell 

We have modeled a FMC with one transfer and five machine agents. The internal 
criterion of the workstation is the minimization of the staying time of the parts 
(Cmax) on the machine. The parts arrival ratio at the FMC is 0,3 1/min and 
processing times are random. Figure 3 shows a global criterion of FMC, the 
average number of jobs still to be completed by time t. 
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Figure 3 Evolution of a the average number of jobs to be completed 

In this section we have stressed the automation of the FMC and its dynamic job
shop scheduling problem, outlined a possible solution combining GA and the 
contract net. 

4 MULTI-AGENT MACIDNE TOOL 

· The specificity of multi-agent design for a machine tool lies in the adaptation to 
important changes in production rather than short term disturbances. A possible 
solution is to lower the size of the agents in the system and increase their number. 
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For example. a robot, composed of a gripper and two NC axis. can be controlled 
with one agent (the robot). or with three (the gripper and the two axis). 

But increasing the number of agents led to a loss in communication bandwidth 
and in time (Ferber. 1995). For example in a system composed of N agents using 
the contract net self-organizing protocol, the number of the messages is going to be 
in o(N2). So a limitation in the agents number may be compulsory. And due to the 
non-autonomy of the machine tools agent, this is not obvious at all. We propose a 
method to value the different solutions, based on the reliability analysis of the 
system and on the dependencies between agents. 

For a machine tool S composed of n agents Ai and m material components Cj, 
where the agent Ai controls the ki components {yi-l)ki+J .... , Cu0}. 

ci represents the state of the component Ci : ci= 1 if the component is functional and 
c.=O if the component is out of order. 
IIi represents the state of Ai : ai= 1 if the agent is alive and Ri=O if the agent is dead. 
The mathematical formulation of ai is then, 

(1) 

Where the function cl>i is the structural function that expresses the relationship 
between the agents of the system and agent Ai. If <l>s is the structure function of the 
system. the global reliability R of the system is then, 

(2) 

R has a maximum value when each agent controls only one component. We can 
now give our design principle concerning non-autonomous agents : 
• The number of agents should be maximum to increase long term flexibility. 
• The maximum number of agents is given by the limitation of the 

communication network and the self-organizing protocol used. 
• In case of communication overhead, agents could control more than one 

material component 
• The ideal regrouping is a regrouping whose reliability tends to the maximum 

reliability that the machine components can give. 
The reliability of the different agent composition is calculated with formula (1) and 
(2). 
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Figure 4 Shiva 
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Figure 5 Production for different machine configurations 

An application of this design proposal was made with the machine tool Shiva. 
This double milling machine has redWldant transport and machining capacities. 
Our agent design procedure showed that an agent controlling the three axis 
module, the spindle and gripper associated, implies a satisfactory minimum 
decrease from the maximum reliability. 

This multi-agent control system was successfully tested on several simulated 
machine configurations (Figure 5). It showed that the control system could adapt 
itself easily to a new production. 

5 CONCLUSION 

We have outlined design identification methods for different levels of the 
manufacturing system and shown their specificity : 
• man-machine integration and heterogeneity at the workshop level 
• short tenn disturbances in an automated environment at the cell level 
• long tenn changes in production at the machine tool level 

Applications of these principles have been presented and all of them offer 
benefits in integration, efficiency, flexibility and reliability in partially unknown 
manufacturing situations. 
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Abstract 
One of the most important issues in the process of development and implemention 
of a manufacturing system is production scheduling. Different scheduling rules and 
algorithms have been widely developed and used for supporting decision-making 
in production scheduling. However, in practice, it is very difficult for a user to 
understand, build or select a suitable and efficient model for the system considered. 
Hence, an intelligent system is to be built for problem solving. This paper 
describes how the concept of Integrated Intelligent Systems (liS), which is 
developed by Wang (1995) at NTNU in order to meet requirements for higher 
efficiency, great flexibility, better product quality, and low costs in manufacturing, 
should be applied to integrate different software packages to solve production 
scheduling problems. The prototype system developed may be used for daily 
production scheduling in a manufacturing environment. 

Keywords 
Intelligent Manufacturing Systems, Integrated Intelligent Systems, distributed AI, 
Expert System (ES), production scheduling. 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
© 1997 IFIP. Published by Chapman & Hall 



Integrated intelligent systems (liS) in production scheduling 579 

1 INTRODUCTION 

As a well known fact, the modem manufacturing industry does not only need high 
technology, but also the expertise in various different manufacturing domains in 
order to meet requirements for higher efficiency, great flexibility, better product 
quality, and lower costs. The core of this manufacturing technology is integration 
of domains of specific knowledge, that is, the integration of industry design, 
manufacturing, planning, managing and marketing activities as well as decision
making automation. The development and application of Integrated Intelligent 
Systems (liS) will speed up the manufacturing process and improve the production 
efficiency, product quality, consequently, and it will enhance company's 
competition ability in the international market For this purpose, Integrated 
Intelligent Systems (liS) has been developed at Department of Production and 
Quality Engineering by Prof. Wang. [17] The concept and structure is well 
suitable for small and medium size companies to realize "balanced automation" in 
their manufacturing environment. 

Production scheduling remains as an important aspect in manufacturing systems. In 
the international market, it is a very important that companies have to focus on 
delivering their products to customers within shortest time and higher quality. It 
becomes very critical to use company's resource effectively and flexibly. In 
production scheduling, different conditions, such as the importance and the 
availability of jobs, and different objectives, such as minimizing average lateness, 
makespan, average flowtime, etc., have to be considered. In the past, those 
working in the field of operations research have made an important contribution. 
(Barker 1974, French 1982, Gere 1966). Scheduling is seen primarily as 
combinatory optimization problem: the question of which is most effective 
sequence for orders as to due-date performance and utilization is addressed. In 
attempting to solve this problem, simplifications have to be made as regards to 
concrete constraints. This leads to low acceptance of the proposed solutions in 
actual pmctice in industry. In contrast, the contribution of production researchers is 
chamcterized by the endeavor to develop heuristics and dispatching rules under 
pmctical constraints leading to acceptable approximations in a reasonable 
computing time. (Alexander 1978, Balckstone 1982, Conway 1967, Kusiak 1992,, 
Panwallkar 1977, Pinedo 1995). Despite the above-mentioned attempts to simplify 
the production process, the production scheduling problem is still an important 
research in manufacturing environment 

Different scheduling models and algorithms have been widely developed and used 
to support decision-making in many industries including manufacturing, 
petroleum, steel, forestry, communications and banking. However, difficulties have 
been encountered with formulation of models, management of data, and 
interpretation of the results. Because the complexity of models, the use of these 
models has been limited to professionals who have enough domain knowledge in 
mathematics, optimization, and Operation Research (OR). In practice, a user may 
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not know how to build or select a model required for the system considered. For 
example a manager who determines a production schedule may not know which 
kind of models is appropriate for solving the problem, or may not be aware of the 
best solution approaches. Hence, an intelligent system is needed to be built for 
problem solving. 

Integrated Intelligent Systems provide new sight to production scheduling. The 
increasing complexity of selecting the right procedure, understanding the 
procedure, integrating the scheduling system with other applications and solving an 
instant, can be dramatically reduced by the use of the ns conception. This paper 
describes how the concept of Integrated Intelligent Systems should be applied to 
integrate different software packages to solve production scheduling problems. The 
prototype system developed may be used to daily production scheduling in a 
manufacturing environment. 

In this paper, Section 2 gives a brief survey of liS and some advantages of using it 
in manufacturing environments. Section 3 illustrates the approach of solving 
production scheduling problems which is the theoretical base for developing the 
scheduling expert system. Section 4 focuses on the development of the subsystems 
of ns. A case study is also demonstrated in section 5 and a conclusion is put in 
section 6. 

2 INTEGRA TED INTELLIGENT SYSTEMS (liS) APPROACH 

Integrated Intelligence Systems (liS) have significant advantages over 
conventional structured computer programs in applications such as CIM. The 
structure ofllS is shown in Figure 1. ITS is a knowledge integration environment, 
which consists of several numerical computation packages, symbolic reasoning 
systems, database management systems, computer graphics packages, multimedia 
techniques, nemal networks, domain expert systems, and a meta-system. The 
integrated software environment allows the running of programs written in 
different languages and communication among programs as well as the exchange 
of data between programs and database. These separated subsystems need not be 
intelligent, but the supervising system, the meta-system, should be intelligent. The 
meta-system manages the selection, co-ordination, operation and communication 
of these programs. The conception of liS is perfectly suitable for manufacturing 
integration. The existing computer systems, such as CAD, CAE, CAPP, CAM, etc. 
in a manufacturing enterprise might be integrated together through an intelligent 
meta-system. One major advantage is that Integrated Intelligent Systems offer a 
modular architecture for building large programs. Knowledge in the form 
production rules may be added, deleted or modified in the knowledge base, without 
any change in the control structure. An Integrated Intelligent System's ability to 
perform symbol manipulation permits users to choose a variety of representation 
schemes for components. 
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KB: Knowledge Base. IE: Inference Engine, DB: Data Base, ES: 
Expert Systems, GP: Graphics Packages, NS: Nwnerical Software, 
NN: Neural Networks, MM: Multi-Media systems. 

Figure 1 TI1e structure of Integrated Intelligent System (liS) 

The meta-system was developed by the use of KnowledgePro - an intelligent 
system development tool. The details on the meta-system are presented in the 
following references (KnowledgePro, 1991 ). 

3 PRODUCTION SCHEDULING 

3.1 Classification of production scheduling problem 

The pure sequencing problem is a specialized scheduling problem in which an 
ordering of the jobs completely detennines a schedule. Moreover, the simplest 
pure sequencing problem is one in which there is a single resource or machine. 
The objective is to schedule n jobs on one machine ·such that one or more 
perfonnance measures are satisfied. Some of the widely used performance 
measures are minimizing the number of tardy jobs, earliness, lateness, tardiness 
and some cost functions. The solution approaches very greatly depending on 
where the problem is static or dynamic; deterministic or probabilistic; A 
scheduling problem is defined static if the arrival times of all the jobs are known 
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in advanced. otherwise, it is classified as dynamic scheduling problem. On the 
other hand, a scheduling problem is called deterministic if all of the parameter 
such as processing times, setup times, etc. are known with certainty. Otherwise it 
is classified as probabilistic. (See Figure 2.) The decision tree for classification of 
production scheduling problem is considered as following: (1) Single Machine 
Scheduling. Each job consists a single operation. This is the case of simplest of all 
possible machine environments and is a special case of all other more complicated 
machine environment. (2) Parallel Machines Scheduling. More than one machine 
to perform the processing. and (3) Flow Shop Scheduling. There is a nature 
ordering of the machines in a shop. All parts flow in one direction. (see Figure 2.) 

3.2 Assumptions On Scheduling Problems 

We know that the real world is not so neat as we have envisaged, so it is necessary 
to make some assumptions to make the model more feasible. Follows are the six 
general assumptions for the whole system and assumptions for each shop type, 
respectively. 

3.2.1 Assumptions on General Case: (1) Static Scheduling Problem. (2) 
Deterministic Scheduling Problem. (3) Independent Jobs. (4) Sequence
Independent Setup Times. (5) No Cancellation Allowed. (6) No Breakdown 
Allowed (the machines have no other tasks and it will be continually available 
until all jobs are completed). 

3.2.2 Assumptions on Individual Case: 
• Single Machine Scheduling: (1) Single-Operation Jobs. (2) One 

Machine Always Available. (3) No Preemption Allowed. 
• Parallel Machine Scheduling (1) Single-Operation Jobs. (2) m Identical 

Machines Continuously Available. (3) Preemption Allowed. 
• Flow Shop Scheduling: (1) Multiple-Operation Jobs. (2) m Different 

Machines Continuously Available. (3) No Preemption Allowed. 

Here, preemption means the processing is not interrupted and a job is not removed 
from a machine before an operation is completed, i.e., no job has any priority. 

3.2.3 Objectives Handled 
After the assumptions above, the system is ready to be modeled. But before we 
establish it, we must know which kind of objective is our interest since tllis is 
nature in the real workshop for a manager to know his/her objectives. Follows are 
some objectives that are common used in real case. Baker 1974, Gere 1966, Gursel 
1995, Bellman 1982). 

1. Average Completion Time(C). 2. Average Lateness(L). The lateness 
of job is defined as the difference between job's completion time Ci and 
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job's due date di, i.e., Li=ci-di, which is positive when job is completed late 
and negative when it is completed early. 3. Average Waiting Time(W). 4. 
Average Flow Time(F). The sum of the completion time of n jobs is 
called flow time. It gives an indication of the total holding, or inventory, 
costs incurred by the schedule. 5. Average Tardiness(T). 6.Maximum 
Lateness(ML). 7. Maximum Tardiness(MT). 8. Number of Tardy 
Jobs(nT). 9. Minimum Makespan(Ms). The makespan is defined as max 
(CJ. .... CJ, is equivalent to the completion time of the last job to leave the 
system. 10. Minimize Maximum Cost of Processing(MM). 

3.2.4 Conditions Considered 

To make a decision in scheduling, we should also consider some shop conditions, 
these conditions are as follows, 

1. Shop Configuration (Static and deterministic): a). Single Machine; b). 
Parallel Machines; c). Flow Shop. 
2. Importance of Jobs: a). All jobs equally important; b). At least one job 
has different importance. 
3. Availability of Jobs: a). All jobs available at time zero; b). At least one 
job is not available at time zero. 
4. Preemption: a). Allowed; b). Not allowed. 
S. Number of Machines/Processors: a). Single Machine; b).Multiple 
Machines 

4 DEVELOPMENT OF SUBSYSTEMS 

As described in section 2, ITS is configured with a meta-system as its core 
component and several subsystems connecting parallel to the meta-system. One of 
the advantages of such a kind of structure is to let system developers focus on the 
development of subsystems. Tite subsystems of production scheduling problem 
includes: (1) Scheduling expert system, (2) rules and algorithms packages. 

4.1 Scheduling expert system 

A rule-based knowledge representation scheme is selected to develop the prototype 
of production scheduling system. For convenience, the expert system is also 
written in KnowledgePro. When the consultation starts, the user is asked the 
following questions: 

(1) Shop configuration; (2) Importance of jobs (equally importance or not); 
(3) Objective of the user (Minimize makespan); (4) Availability of jobs 
(ready time =0, ready time >0). 
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Depending on the responses specified by the user, the expert system selects the 
appropriate scheduling rule or algorithm to solve the problem. Having detennined 
the procedure, an interface is provided between meta-system and user, thus 
enabling the user to solve instant of the problem by entering the necessary data in a 
user-friendly environment. 

tH 

I MI _ 

l~\ 
I!m! 

IIIIa Pll-az Pl2 LPTISPT 
or 
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Y•f\• Ms bfi 
~ 

Modlfled CDS 
Johnson's 

Figure 2 The decision tree of production scheduling problems 



Integrated intelligent systems (liS) in production scheduling 585 

4.2 Rules and Algorithms packages 

The rules and the algorithms included in the production scheduling, and under 
what conditions they are chosen are shown in Figw-e 2 and listed as following: 

(1) Shortest Processing Time (SPT); (2) Weighted SPT (WSPT); (3) 
Earliest Due Data (EDD); (4) Modified SPT (MSPT); (5) Modified WSPT 
(MWSPT); (6) Modified EDD (MEDD); (7) Modified WEDD (MWEDD); 
(8) Moore's Algorithm; (9) Smith's Algorithm; (10) Lawler's Algorithm; 
(11) WiJkerson-Inving Algorithm; (12) S-C Algorithm; (13) Largest 
Processing Time (LPT)-Parallel Machines; (14) SPT -Parallel machines; 
(15) LPT-SPT -Parallel machines; (16) Bedworth and Bailey Algorithm; 
(17) Slack Time Rule; (18) EDD- parallel machines; (19) Me Noughton's 
algorithm; (20) Jolmeson's algorithm (flow shop, 2 machines); (21) 
Modified Johson's algorithm; (22) C_D_S algorithm /Flow shop, m 
machines), ...... , etc. 

The rules and algorithms were developed in high-level language C, spreadsheet 
Excel and Operation Research software Lindo, depending on the features and the 
complexity of rules and algorithms. The reason why we select these software may 
be: 

(1) Ease of use; (2) Common-used in Companies; (3) PC-based platform. 

Excel was used for the developing of simple rules (e.g. SPT) and for input data, C 
for complex rules (e.g., Johnson's algorithm) and Lindo for OP algoritluns (e.g., 
integer programming). All these software are easily and rapidly integrated witl1 tl1e 
meta-system. 

5 SAMPLE CONSULTATION 

Johnson's Algorithm Applied in Two-Machine Flow Shop is used for demonstrate 
how the system to function. Suppose the user's shop is a two- machine flow shop 
with pammeters shown in the following: 

Table 1 Parameters of a two-machine flow sho 
Operation number 

1 
2 
3 
4 
5 
6 
7 

Processing Time tij of operation I on machine 
'=] '=2 

6 3 
2 9 
4 3 
1 8 
7 1 
4 5 
7 6 
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In the "Shop Configuration" window, we select item "Flow Shop" among 'Single 
Machine', 'Parallel Machines' or 'Flow Shop' by double-clicking the item, as shown 
in Figure 3. 

Figure 3 Shop type selection (Flow Shop) 

Another window (Figure 4) will appear and ask the user the munber of machines 
in his shop. Here the selection is "m=2". 

Figure 4 Window of selecting number of machines 

Now comes another window (Figure 5). The function of this window is to let the 
user to enter the corresponding data of the shop. Operation number, processing 
time of operations on machine 1 and processing time of operations on machine 2, 
respectively. 
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Figure 5 Window of data input of work shop 

After the data have been input, the window (Figure 6) will show up to let the user 
to confinn the data, if the user want to change some data, just click on the button 
'Back', the window (Figure 5) of data input will show up again. If the user has 
nothing to change, just click on the button 'Confinn'. 

operation I Is: 
1.2.3.4.5.6.7 

Col)firmation 

Processing time on Machine 1 Is: 
6.2.4.1.7 .4.7 

ocesslng Ume on Machine 2 Is: 
.9.3.8.1.5.6 

Figure 6 Confinnation of data input 

After confinnation, the scheduling system will run and process the data according 
to Johnson's algorithm. During this time, a prompt window (Figure 7) will pop up. 
First the data wil1 be written into a file in Microsoft Excel for first-step processing. 
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Since Microsoft Excel has some functions on data sorting according to ascending 
or descending order of the data or according to some conditions. this function will 
save us lots of time in progranuning in C, so we make use of it and preprocess the 
data. Afterwards, the rearranged data is read by the meta-system, KnowledgePro. 
After reading, the meta-system will write and save the data into a text file and 
communicate the C program which will do the rest further processing of the data, 
at this time another window (Figure 8) will pop up to prompt user to wait for a few 
seconds. 

Figure 7 Tite prompt window 

Now the system is running corresponding C program to calculate the optimal 
operation sequence according to the Johnson's algoritlun. The result will come out 
with a window (Figure 8). 
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==-I ~ '" Result 
the Optimal Operation Sequence by Johnson's Algorithm is 

4 2 6 7 3 1 5 

You can get result at file •m:\thesls\result.txt•. thank youf 

Figure 8 Window with the final result of Johnson's algorithm 

6 CONCLUSION 

A prototype system for automatic scheduling, which mainly includes the Meta
system, the expert system for scheduling selection, and subsystems of rules and 
algorithms is established. At present. the prototype system is limited to the static 
and deterministic problems, but it is vecy easy to be extended to dynamic and 
probabilistic scheduling problems, because the structure of the system is based on 
the concept of liS. The problem of scheduling two-machine flow shop, which 
should be solved by rule of Johnson's, has been used to demonstrate how the 
system functions. What the user need to do is just to specify, for example, the 
user's shop type, the user's objectives and shop's parameters, the intelligence-inside 
scheduling system will choose appropriate rules or algorithms to nm the 
corresponding calculations and tell user the final results. The intelligent 
development environment, KnowledgePro, has been selected for building of the 
system. It shows that KnowledgePro is a high level language, which provides 
object oriented programming, expert systems and multimedia facilities. 
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Abstract 
This paper addresses a new unified framework for simulation that includes both 
physical and decision making processes of manufacturing systems. The developed 
methodology uses a state-space representation based simulation modeling 
formalism along with object oriented software design. The model developer 
perceives the manufacturing system in terms of several physical entities, 
augmented by a number of decision making elements, each capable of making 
mtional decisions that affect system behavior and contribute to the collective state 
of the system. The modularity of the user's conceptual model in terms of physical 
and decision making entities with their programmed and non-programmed 
decisions and the capability of modeling these entities and processes at different 
hiemrchicallevels can vastly improve simulation's role as a decision making tool. 

Keywords 
Manufacturing system simulation, knowledge based simulation, object oriented 
modeling 

1 INTRODUCTION 

Computer simulation modeling is the only viable approach to the detailed analysis 
and design of complex manufacturing systems. Yet, current simulation languages 
permit only gross approximations to the actual systems being studied. The 
simulation methodology still suffers from its tmditional deficiencies. During the 
model development process various system assumptions are hardwired into the 
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model code and there are no provisions to simulate the decision processes which 
are the actual driving forces of purposeful systems. The modification of modeling 
assumptions usually requires major model overhauls with extensive programming 
efforts, resulting in minimal ease of model development and code reusability. 

The perfonnance of a manufacturing system is highly influenced by control 
policies used in its operation. The decisions are based on available information, 
which is often incomplete, inaccurate, and delayed. A decision maker at each level 
uses heuristics, personal expertise, company rules and policies to arrive at a control 
decision. Traditional simulation tools do not provide convenient structures for 
specifying these interactions 

This research addresses to the design and implementation of a fundamentally 
new and superior approach to the modeling of complex systems, based upon a new 
fonnalism, state-space representation, and the object oriented programming 
approach. Specifically, this new simulation modeling environment will pennit the 
distinct and separate specification of physical elements, decision elements, and 
data/information elements of a manufacturing system. The developed system uses 
artificial intelligence techniques to imitate the non-programmed decision 
processes. Realistic models can be constructed at any level of detail desired, and 
can be retrieved and reused as needed. The ability to perform detailed analysis 
using this new simulation environment will dramatically reduce the time needed 
for planning/designing and analyzing complex manufacturing systems. The 
developed prototype software environment is also compared against conventional 
simulation approaches using the analytic hierarchy process technique to reach a 
scale of preference between the two. 

2 SIMULATION FORMALISM AND METHODOLOGY 

The Discrete Event Simulation of Manufacturing Systems (DEMS) fonnalism 
developed (Karacal and Mize, 1996a) is a set of conventions for the construction of 
simulation models. It gives a definite form to how and what can be expressed 
about a system to be modeled by using set theory and state-space representation for 
the abstraction. In the end, it generates a science base and a uniform convention of 
notation and communication. The OEMS formalism is based on five distinct levels 
for a system entity to be in and can be summarized as follow: 

Level 0: At the bottom of the hierarchy lies the Source System represented with: 
- Physical components set which contains 

Set of physical inputs, X 
Set of physical outputs, Y 
Communication channels, C 
Material ports, M 
Set of manufacturing operations, 0 

- Observed facts set. F 
- Set of real numbers for time, T 
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- Function read, p, that maps elements of physical inputs, outputs, or 
communication channels to the facts set 

F. 

Levell: Next level in the hierarchy is the Data System and expressed with: 
- Source System from level 0 
- Universe of discourse set, U, that represents the meanings for observed facts 
- Data set D where each element is defined in terms of a fact from set F and a 

meaning from U 
-Function assign, a , that maps an element of observed facts set and an element 

of universe of discourse set to data set D 
-Function time that maps a real number for time to an element of data set to 

represent temporal data 

Level 2: When the relationships and the operations between the elements of the 
data set are provided, the data system becomes an Information System that is 
defined through: 

-Data System from level 1 
- Relation definitions set. R 
- Information (internal state) set, I 
-Information-generation function y1 that maps elements of data set D and 

elements of operations set 0 and/or 
Relations set R to information set I 

-look function A. that is used to obtain information about the states of other 
system entities 

- action function a. for programmed decisions based on present internal and 
external states 

- update-intemal function Vint to reflect the effects of actions selected on internal 
state 

- update-extemal function vext to reflect the effects of actions selected through 
a. on external state 

The dynamic behavior, moving in time from one state to another, of the 
information system during the simulation is handled by a set of pseudo functions. 
These functions first observe the internal and external states through functions y, 
and A. at time ti-I· Next, they obtain a programmed decision through action function 
a. at time li-1- Then, the internal and external states are updated using V;,t and Vext 

functions for next event time t;. This process is repeated as next events take place 
in simulation. 

Level 3: When the entity is transformed from a procedural format to a symbolic 
format, it is referred to as a Knowledge System and represented with: 

- lnfo1711111ion System from level 2 
- Structured universe of discourse set, Us, that defines the relationships among 

the meanings 
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- knowledge~eneration function Yk that generates knowledge from a given 
information set I and structured universe 

of discourse set u. 
-knowledge base set K 
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Leve/4: A knowledge system becomes an Intelligent System when a reasoning 
mechanism is associated with the knowledge base. At this level the entity is 
abstracted through: 

-Knowledge System from level 3 
-External knowledge base B that represents the knowledge about the total 

system 
- Goals set G that define the set of goals (production orders) defined for the 

entity 
- Decision set H that represents the set of decisions reached by searching 

through the knowledge base K 
-perceive function 1t to asses the knowledge about the total system 
- decision function a to determine the actions that need to be taken to satisfy the 

goals defined in set G 
- update-external-knowledge function coox, to reflect the changes that occurred in 

the total system as a result of 
implementing the decision obtained through decision function a 

- update-internal-knowledge function co"" to reflect the changes that occurred in 
entities internal knowledge base K 

as a result of implementing the decision obtained through decision function a. 

The dynamic behavior of the intelligent system during the simulation is handled by 
a set of pseudo functions similar to those defined for the information system. These 
functions first observe the internal and external knowledge states through functions 
Yt and 1t at time fi-t. Next, they obtain a non-programmed decision through 
decision function a at time li-t by searching their knowledge bases. Then, the 
internal and external knowledge bases are updated using COint and COext functions for 
time fi. Although the dynamic behavior for information and intelligent system 
levels are similar on the surface, they are very different The information system 
level uses information as opposed to knowledge used in intelligent system level. 
Furthermore, the representation schemes used (procedural format in information, 
symbolic format in intelligent) in two levels are very different 

2.1 System Entities 

Two types of entities, decision making entities (DME) and information driven 
physical entities (IDPE) are defined based on the intelligent and information 
system levels of the formalism, respectively. The other three levels are mainly 
definition tools to assess the sets necessary in the operations of DMEs and 
lOPEs. The DMEs are the basic building blocks of the planning and control 
system. The lOPEs form the foundation of the manufacturing system. Their 
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activities correspond to real physical activities that are taking place on the floor 
and are direct results of decisions made by DMEs. The interactions between 
DMEs and lOPEs as well as interactions among DMEs can be established 
through the use of control, communication and material flow relations. When 
individual entities are bound together with data, information and knowledge, 
structural and behavioral representation at the total system level can be easily 
achieved. Three different classes are defined for the DMEs of a manufacturing 
system. 

i) Entities that deal with the planning and control activities at the system 
level. These entities utilize the current 

state of the system in a filtered form, the work load, and the 
requirements for product orders. 

ii) Entities that plan and control the major activities that need to be carried 
out and synchronized in order to conform to the plans prepared by the entities of 
(i ). The type of knowledge utilized by these entities are the current collective 
state of each unit (shop/department) planned and controlled by each entity. 
These entities create their own individual plans and release job orders aimed at 
the satisfaction of product orders coming from above. 

iii) Entities that perform planning and control at work-center or cell level. 
At this level, the orders are further broken down into task orders that need to be 
synchronized to conform the job orders received from above. This is the lowest 
level in which intelligent behavior takes place in the hierarchy. The task orders 
are further broken down into activity orders that are translated into a finite set of 
ordered physical activities. This is where the logical system connects to the 
physical system. 

A major advantage of these three levels defined for DMEs is its ability to allow 
the natural analysis of information components. The information and knowledge 
elements are the main driving and binding forces of the physical and logical 
systems. Each intelligent entity monitors the orders released by its superior 
entity, performs its own decision making and planning processes, and releases 
proper orders to its own subordinates. Thus, each production planning and 
control problem is solved in its own local domain by the most knowledgeable 
entity about that area. 

3 OBJECT ORIENTED SIMULATION TOOL 

The Smalltalk object oriented programming language (OOP) is chosen for the 
implementation of the developed formalism and methodology. A hierarchy of 
object classes that represent system, department, work-center, machine physical 
entities along with a hierarchy of control and communication objects are defined 
(Karacal and Mize. 1997a). The following structure summarizes the hierarchy of 
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defined Smalltalk: object classes. The indentation represents the class subclass 
relationships. 

Object 
Simulation 

Simulate 
Simulation Object 

SystemPhys 
DeptPhys 

WorkCenterPhys 
MachinePhys 

SystemCntrl 
DeptCntrl 

WorkCenterCntrl 
MachineCntrl 

SystemCommunication 
DeptCom 

WCCom 
Mach Com 

MaterialPort 
Product Order 

CmptOrder 
BtchOrder 

Most of these class names are self explanatory and the instances of them are the 
basic building blocks of a simulation model. As the model builder defmes the 
physical system configuration, the instances of above classes are automatically 
created and configured during model building process. 

3.1 Software implementation 

To take full advantage of the inheritance property of OOP, subclasses inheriting 
their basic behavior from super classes, the whole environment is designed 
around three abstract tree structures that are transparent to the user during 
simulation. The first tree, SystemStructure, represents the hierarchical 
configuration of the physical entities of the manufacturing system being modeled. 
These entities are defmed through instances of physical objects of the above 
hierarchy and include machine tools, handling devices, etc. and correspond to 
SourceSystem of the formalism. The software automatically creates a default 
control entity, communication channel, and material port for each physical entity 
created and allows the model developer to customize them depending on the 
capabilities and functions of the physical entity created. 

The second tree, ProductDataBase, maintains information on all the products 
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produced and their product structure trees including all the relevant information 
on parts and components. In order to keep track of the dynamic information 
involved in the simulation, a highly dynamic third tree structure, OrderDataBase, 
is designed and frequently manipulated during the simulation. This tree holds all 
the information on product, component, and part orders involved during the 
simulation period. At the beginning of the simulation, this is a tree consisting of 
nothing but a root linked to a system control object. As the orders arrive, the 
branches and sub-branches representing customers, their individual orders, and a 
break down of those orders are created. The status of orders are updated as the 
operations and assemblies are performed. When the final operation of a product 
order is completed, the branch originating from that node is pruned and the 
related statistics are updated. This process prevents infinite growth of the 
OrderDataBase. 

4 PRODUCTION CONTROL KNOWLEDGE BASES 

After defining the physical configuration of the system, the next step is the 
definition of the knowledge bases for each control entity defined in the hierarchy. 
Three generic knowledge base objects and their inference rules are defined for 
system, department/shop, and work-center levels and are called systemPlanning, 
shopPlanning, and workCenterPlanning, respectively. The simulation model 
developer can express the operational policies and expertise for each intelligent 
entity during the knowledge base and inference rule definition process. An 
example class of knowledge bases are defined to implement the production 
planning and resource allocation policies of a typical make-to-order 
manufacturing facility. The instances of these knowledge bases are created and 
linked to the control objects of each intelligent entity in the hierarchy. The 
inference rules include a certainty value (1.0 complete certainty, 0.0 complete 
uncertainty) that represents how strongly system believes that the decision, the 
value of parameter action, is the correct one. This value is later used by the 
system to search for the most certain decision for a given goal. The system 
utilizes a grammar, based on concepts from formal language theory, to translate 
customer orders into component orders and then component orders to batch 
orders (Karacal, 1997b). The customer orders are broken into detailed shop, 
work-center, and batch orders in a hierarchical fashion as they are released by 
decision making entities to subordinate entities. 

4.1 System level planning 

The instances of the systemPlanning knowledge base first checks the timing of 
the product order through a series of rules upon receiving a consultation request 
from a system control object. If timing is critically close to due-date, it 
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immediately translates the product order into component/sub-assembly orders that 
are released to the relevant shop control entities. Otherwise, it evaluates a set of 
rules using order size, product type and customer identification to derive the 
importance level for the order. The next step in knowledge processing is the 
determination of the timing priority for the order using order importance, lead 
and slack time information. Then, the systemPlanning object acquires the present 
shop and capacity knowledge from the model in real time while the simulation is 
running. The following is the basic structure and some example rules of the 
Smalltalk based example systemPlanning knowledge base. 

systemPlanning knowledge base 

Parameters: 
action, customer, order, productionLeadTime 

quantity, rangeOne, range Two shopCapacityStatus, 
SlackMinusLeadTime, timing 

Rules: 
emergency Release 

if: (slack :5: slackMinusLeadTime) 

, product 
shopLoadStatus, slack, 

then: [action is: 'release' with Certainty: 1.0] 
importantOrders 

if: (slackMinusLeadTime s; rangeOne & (order = 'important')) 
then: [timing is: 'urgent' withCertainty: 0.95]. 

if: (slackMinusLeadTime > rangeOne & 
(slackMinusLeadTime s; rangeTwo) & 

(order= 'Important')) 
then: [timing is: 'normal' withCeratinty: 0.85]. 

notlmportantOrders 
notUrgentOrders 
order Rating 
rangeFirst 
rangeSecond 

veryimportantOrders 
urgentOrders 
normal Orders 

if: (timing ='normal' & shopCapacityStatus = 'High')) 
then: [if: (shopLoadStatus = 'NotHeavy') 

then: [action is: 'release' withCertainty: 0.85]. 
if: (shopLoadStatus = 'Medium') 

then: [action is: 'putltlnPlan' withCertainty: 0.75]. 
if: (shopLoadStatus = 'Heavy') 

then: [action is: 'putltlnPlan' withCertainty: 0.35]. 
if: (timing ='normal' & shopCapacityStatus = 'Average')) 
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then: [if: (shopLoadStatus = 'NotHeavy') 
then: [action is: 'release' withCertainty: 0.75]. 

if: (shopLoadStatus = 'Medium') 
then: [action is:' putltlnPlan' withCertainty: 0.65]. 

if: (shopLoadStatus = 'Heavy') 
then: [action is: 'putltlnPlan' withCertainty: 0.35]. 

if: (timing ='normal' & shopCapacityStatus = 'Low')) 
then: [if: (shopLoadStatus = 'NotHeavy') 

then: [action is: 'putltlnPlan' withCertainty: 0.55]. 
if: (shopLoadStatus = 'Medium') 

then: [action is:' putltlnPlan' withCertainty: 0.45]. 
if: (shopLoadStatus = 'Heavy') 

then: [action is: 'putltlnPlan' withCertainty: 0.15]]. 

According to the timing of the order and the shop capacity at a given time, the 
normalOrders rule of the systemPlanning knowledge base given above evaluates 
all combinations with shop load status and finds an action and its certainty level. 
During this process, the quantitative information on shop loads and capacities are 
dynamically retrieved by the system control object from the shop control objects 
involved and converted into symbolic form in real simulation time. The 
conversion process takes place as follows: 

1) The system controller looks at the shop load in terms of a moving monthly 
time bucket. As product orders are released, the bucket of the shop involved are 
loaded with orders using the lead time and quantity information. 

As breakdowns/problems, changes in plan are encountered, the time 
buckets are updated in real time to reflect the changes. When a shop load status 
is requested for a particular shop, a quantitative expression that relates present 
shop load, unused time, and a flexibility factor is evaluated to find a numeric 
value at that instant of time. Depending on which predefined range this value 
falls into, one of the possible symbolic values such as high, low, etc. is returned 
to the knowledge base. 

2) A symbolic value for the shop capacity status is determined using another 
expression that relates the number of operational machines, the type of orders 
being processed at that instant of time, shop reliability, and total number of 
available machines in the shop. Again, depending upon which range this value 
falls into, a symbolic value such as full-capacity, low-capacity, etc. is returned to 
the knowledge base. 

Once the systemPlanning knowledge base finds a value to the parameter action, 
the value is passed back to the system controller object that implements the action 
by updating the internal and external states. The rules try to evenly spread the 
work load in terms of shop loads and order timing. The planning scheme uses a 
simple non-monotonic reasoning mechanism based on goal regression and is 
explained in detail in (Karacal, 1997b). 
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4.2 Shop level planning 

The next layer of knowledge bases, an instance of the shopP/anning knowledge 
base for each shop, are defined for non-programmed shop planning decisions. 
They are customized from their default structw'e by the model developer through 
definition of new parameters and rules. These knowledge bases deal with 
component orders and their main design principles are similar to those in 
systemP/anning. When they are interrogated, these knowledge bases asses a 
symbolic value for component order timing using due-date and lead time 
information from the interrogating shop control object. A set of rules classify the 
component on band according to its importance and position in the product 
structw'e tree. The symbolic knowledge regarding the load and capacity status of 
the work-centers involved in processing of the present component order are 
obtained in real simulation time. The methods used in deriving these symbolic 
values are very similar to the ones used in the systemPlaning knowledge base, with 
the main difference being the weekly time bucket used. These knowledge bases 
search through a set of rules representing various combinations of work -center load 
and capacity status values, order timing, and the present shop plan to fmd a value 
for parameter action. This value is passed back to the shop controller which in turn 
implements the action. 

4.3 Work-center level planning 

The last non-progr3mmed decision level in the hierarchy is handled by a set of 
workCenterP/aning knowledge bases that deal with batch orders released to 
machine controllers. These are relatively simple structures that decide on what to 
do with each individual batch order using the real time symbolic values derived for 
order timing, machine status, machine reliability, and present work-center plan. 
The work-center control object in turn implements the action returned by its 
workCenterPianing knowledge base. 

When physical machines receive batch orders from work-center control objects, 
they translate them into a set of activity orders that are carried out sequentially 
based on a programmed control that may perform condition checks such as 
physical material being available at that particular location, etc. This is where non
programmed control links to programmed control and decision processes are 
connected to physical activities. 

The other model relevant data such as product order arrival patterns, customer 
types, order sizes, requested due-dates, processing times, MTTB, and MTIR are 
all specified by the model developer during model definition using the standard 
probability distributions provided in the system. 
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5 EXPERIMENTATION 

The developed Smalltalk based simulation environment is tested through a simple 
make-to-order production system. The example with its system, shop, and work
center planning entities is simulated for three months period (43,200 min. with 480 
min/day). A one factor four levels experiment is designed to compare the 
perfonnance of the system with or without different levels of knowledge based 
control. Considering the make-to-order nature of the manufacturing system, the 
following three statistics are analyzed. 
1) Throughput time: Time between the release of a product order by the system 
controller and the completion of that order. 
2) Order lateness: Time difference between the completion of an order and its 
due-date. 
3) Customer response time: Time between the arrival of a customer to the system 
and the completion time for all the products requested by the customer in that 
order. 

In addition, traditional simulation statistics such as machine utilizations and 
queue statistics are collected. Throughput time is selected as the main statistic of 
interest. 

5.1 Experimentallevels 

The four experimental levels are defmed as follow: 

1) Manufacturing system without non-programmed control. The orders 
at all levels are translated into suborders and immediately released to the 
next level. The orders mostly accumulate at the machine control level 
where they are processed according to FIFO. 

2) Only system level non-programmed control is employed using 
systemP/anning knowledge base. The lower level controls are 
programmed decisions and orders are processed using FIFO. 

3) The system and shop control object both use their knowledge bases 
simultaneously. 

4) The system, shop, and work-center control objects all use their 
knowledge bases simultaneously. 

The main idea behind this experimental design is to perform a tighter timing and 
status control around product, component. and batch orders as they move 
downward in the control hierarchy. The frequency of consultations with the 
relevant knowledge bases during the simulation is different for each control level. 
The work-center knowledge bases are the most frequently queried ones, shop 
knowledge bases next, and the system knowledge base is the least. Five 
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replications are made for each level. Common random number seeds are used to 
reduce variance during pair wise comparison of the difference between throughput 
times (in minutes) of levels. The random number seeds are changed between 
replications but kept the same across the levels. Furthermore, to better observe the 
effect of non-progranuned control, the manufacturing system is slightly 
overloaded. 

S.l Output analysis 

The simulation output is analyzed as follow: First, level 1 is compared with level 2 
by taking the difference between mean throughput times of five replication pairs. 
Then, a 95% confidence interval is constructed for the true mean difference. The 
same procedure is applied for pair-wise comparison of other levels. 

The pair-wise statistical analysis of the simulation output yielded the following 
conclusions. 

Levels 1 - 2: The confidence interval for the true mean difference does not contain 
zero and completely lies in the positive region. Therefore, the difference is 
statistically significant and the system yields smaller mean throughput values when 
system level non-progranuned control is employed. 

Levels 2 - 3: The confidence interval for the true mean difference contains zero, 
implying that there is not enough statistical evidence to claim that one level is 
better than the other. Tlte length of the interval suggests tltat more replications 
needed to reach a conclusion. Tlterefore, we can not claim that system performs 
better when shop and system level non-programmed control are employed 
simultaneously. Main reason for this conclusion is that the perfonnance of the 
system heavily depends on the particular knowledge bases designed. Since this 
pair wise comparison did not yield a preference between the levels, levels 2 and 3 
are pair-wise compared to level4. 

Levels 2 - 4: Although relatively wide, the confidence interval for the true mean 
difference does not contain zero and lies in the positive values region. Therefore, 
with the sample runs on hand we can claim that the throughput time is shorter 
when system, shop, and work-center levels use their knowledge bases 
simultaneously. 

Levels 3 - 4: The confidence interval for the true mean throughput time difference 
lies in the right hand side of zero. Tlms, the system yields shorter throughput 
times when all knowledge bases are employed simultaneously. 

6 CONCLUSIONS 

From the above statistical analysis, it is concluded that system performs best when 
non-programmed control is used at all control levels. Tllis conclusion was 
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somewhat expected and suggests that unless a sound non-programmed and 
programmed control scheme is applied at the shop floor level, the benefits that will 
be obtained from upper level non-programmed control will diminish and will not 
significantly impact the overall performance of the system. The other statistics 
collected such as customer response time and order lateness showed a similar 
trend In general. throughput time can be improved by using shortest processing 
time (SPT) rule in programmed control, but since it does not take due-date 
information into account, it may severely deteriorate order lateness statistics. By 
using due-date, lead time, present state of the system together in the knowledge 
bases, we can define rules that make measured compromises among conflicting 
aspects of several system performance measures. Although not statistically 
analyzed, traditional measures such as utilization statistics and queue statistics 
showed that as layers of non-programmed hierarchical control are added, queue 
lengths were shorter and machine utilizations gave smaller values due to better 
batch timing. 

The other possible set of experiments such as making replications with only 
shop or work-center knowledge base or other combinations to see combined and/or 
stand alone effects of the knowledge bases is left as a future investigation area. 
Also, other programmed control rules such as LIFO, STP, other control heuristics, 
and more refined knowledge bases and inference rules will be investigated in the 
future. 

Another major advantage of this modeling framework developed is tlte 
flexibility it brings into the simulation and modeling process. The operations of 
both physical and logical aspects of a manufacturing system modeled not only 
closely represents reality but, are very modular and easy to change. This system 
can easily be used as a demonstration tool to show that various local optimization 
rules and procedures of different control levels (or even different modules of the 
same level), when put together, may deteriorate total system performance. It can 
also be a very useful tool to shown how conflicting multiple objectives of different 
control levels interact and affect global performance. The system will allow the 
design of operational policies and rules at each control level tltat will best fit 
overall system goals. The developed simulation tool is compared against 
traditional simulation approaches, where only physical entities with their implicit 
control structures are simulated, using Analytic Hierarchy Process (AHP) (Karacal 
et. al, 1996b). The results of the AHP study clearly indicate that this new 
approach is preferable to the traditional approach. 
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Abstract 
The paper describes a planning network (PN) which is to assist the better 
hannonization and higher quality and production volume of Small and Medium 
Size Enterprises (SME), if they are joining their efforts by being active members of 
the PN. The PN means a real-time, on-line network with three basic fimctions. The 
local planning module {LPM), the co-ordination tmit (CU) and the evaluation 
module (EM) are the three software tm.its that cover the functions. This PN is a 
kind of virtual, or extended enterprise, however it is different because of the long
tenn co-operation of the partners, instead of working together only for 1-2 given 
orders. The intelligence of the PN is supported by expert systems in the CU and 
EM. 

Keywords 
Computer networks, enterprise modelling, expert systems, SME. 

1 INTRODUCTION 

In order to fulfil the market demands the flexible, effective manufacturing system 
architectures become more and more popular around the world. Manufacturing 
enterprises have a geographically distributed nature, so computer networks for 
production management are important feature of their operation. 

There are different approaches, different names that basically cover the same 
idea: a flexible network of co-operating autonomous manufacturing units. The 
holonic manufacturing systems is an approach for a theoretical framework for 
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autonomous and decentralized manufacturing organizations e.g., agile 
manufacturing enterprise (AME). There are different projects and developments on 
AME (AIMS/Stanford & EIT, A-PRIMED/SNL, FFC/MIT, etc.) that use different 
names for the AME, e.g., "extended enterprise" or "virtual enterprise (VE)". 

The structure of a virtual enterprise can be seen as a heirarchy, in that it is a 
tempormy, goal-oriented aggregation of several individual enterprises. Each virtual 
enterprise is created to pursue a specific business objective, and remains in life for 
as long as this objective can be pursued. After that, the individual nodes resume 
their independence from each other. The resource of a node that was previously 
allocated to the expired business is re-directed toward the node's individual goals, 
or toward other virtual enterprises it may have joined. 

The virtual enterprise model has been developed for decomposing large 
companies that have enough financial, human and organizational resources. The 
decomposition is based on functions that can result in replications across the 
network. 

Many geographic regions can be characterised with special industrial 
organisational structures called Small and Medium Sized Enterprise (SME). These 
SMEs are well-known for their dynamic behaviour, but their prosperity, and 
sometimes their existence, is continuously exposed to risks of tlte limited 
investment capability, tlle difficulty of diverting skilled personnel from day-by-day 
activities, to undertake process re-engineering initiatives, the lack of advanced 
planning support tools specifically conceived for them. Because of these reasons it 
is even a harder problem for the SMEs to give proper answer for the market 
challenges. The co-ordination of tlte different SME's production in case of 
producing a product jointly generates similar problems as in the case of large 
firms, but tlle solution is different (Bonfatti 3, 1996). 

In a distributed manufacturing environment tlte production planning has a key 
role. The co-ordination of the orders, tlle optimal assignment of the different 
resources in a co-operative production of several SMEs is a very difficult task. In 
an SME network there is a strong need of a network model that is based on the 
planning strategy (Bonfatti 1, 1994). Another important goal during the software 
development is tlle product independence, i.e. tlte network model has to be general 
enough, to be able to apply it in a wide range of different products, in different 
production environments. 

Our SME network development work is done in the frante of the ''PLENT'
ESPRIT Project No. 20723 witl1 tlte participation of firms from Italy, Greece, 
Hungary and Spain. The main goal of the project is to support organizations that 
manufacture mechanical parts and products in SME-like production envir01unents. 
The paper shortly describes a special application of tlle manufacturing network 
model for agriculture production (oil and seed production) to demonstrate the 
applicability of tllis management philosophy and network model in fully different 
fields. 
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2 TI-lE PLENT PROJECT 

2.1 Comparison of the holonidvirtual and the PLENT approach 

In the PLENT project a practical approach of the virtual enterprise has been 
realized for SMEs. In order to give a better understanding the PLENT approach 
will be shortly introduced in comparison with the classical holonic theory as it was 
discussed by Koestler (1989). 

The holonic manufacturing system is a system of co-operating holons that are 
organized to achieve a production goal. This system integrates the whole range of 
manufacturing activities from order booking through design, production and 
marketing to fonn an autonomous and decentralized manufacturing organization. 

According to the holonic organization paradigm the manufacturing 
environment is going to transform itself into a holonic system as the openness, the 
:flexibility and the similarity in building blocks are vital advantages. The virtual 
enterprise is a practical instantiation of the holonic paradigm in the form of a 
multilayer, open, :flexible (through continuous, dynamic re-configuration) network. 

As the PLENT project aims to coordinate the production of SMEs the holonic 
approach had to be modified. The SMEs have limited financial and human 
resources. Usually they have no advanced planning support tools that are essential 
for a fully open VE. There is also a historical background namely the traditional 
individualistic attitude of SMEs. This means the facing of marketing, design, 
engineering, technological innovation and purchasing problems alone. Handling 
the SME network as a limited number of independent nodes has the following 
advantages: 

• More complex and technologically advanced products can be realised by 
putting together skills and design capabilities of the network nodes. 

• Higher manufacturing volumes are obtained by cumulating node capacities, 
especially if two or more nodes concur in performing the same manufacturing 
phases. 

• Fluctuations of market demand volumes are better borne by sharing workload 
peaks and shortages among the network nodes. 

• The limited resources of each SME are better spent in technological 
innovation and process re-engineering rather than in hard competition with 
otherSMEs. 

In consideration of the requirements expressed by SMEs, it is possible to 
compare the PLENT idea of virtual enterprise with that currently derived from the 
holonic theory (Bonfatti 2, 1995). Indeed, a number of properties commonly 
attributed to the virtual enterprise are no longer valid when transferred to the 
PLENT organisation model. The most significant differences between the two 
approaches are listed: 
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• Functional specialization versus flexibility; 
• System duplication versus identity preservation; 
• Temporary versus stable aggregation; 
• Local versus global network co-ordination. 

In conclusion, the PLENT VE model project focuses on distributed production 
management in a stable network of co-operating S:MEs. The initial phases of 
network design and creation, as well as the pre-existing relationships that made co
operation possible, are outside the project scope. A detailed description can be 
found in Deliverable 02 ( 1996). 

2.2 PLENT manufacturing network model 

In order to achieve the required network timeliness and co-ordination neutrality, 
the PLENT network organisation must be supported by expressly designed 
planning tools. In particular, three software modules are required: a co-ordination 
module, a local planning module and a performance evaluation module. 

• Co-ordination module 
The co-ordination module realises the network planning policy. The co
ordination module is responsible for controlling the connection outside the 
network, for keeping the contact with the customers, for selecting the proper 
nodes (production units) and for distributing production tasks to them. 

• Local planning module 
The local planning module supports the network-related activities in charge 
of each node, aimed at managing and communicating delivery plans and 
delivery conditions with the co-ordination unit and the supplier and client 
nodes. The local planning modules realise the network controlling tasks of the 
node, in order to fulfil the goals of the management and communication, and 
deliver the status information of the node for the other nodes. 

• Performance evaluation module 
The performance evaluation module is used by the co-ordinating unit to 
calculate node reliability starting from measures of their past behaviours, and 
network reaction capability by simulating possible scenarios. The 
performance evaluation module supports the work of the co-ordination unit in 
selecting the best node for fulfilling a task. This node generates different 
measures, statistics; estimations based on the past behaviour of the nodes. 

Based on the PLENT VE approach the four different national networks of the 
project participants are under development. The product profiles of the national 
networks are different, demonstrating by this fact that this type of virtual 
manufacturing approach can be applied under different circumstances. In the 
following chapter the main characteristics and the organization of the Hungarian 
Network will be presented. 
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3 DESCRIPTION OF THE HUNGARIAN NETWORK 

The main activities in the Hungarian Network (HN) are connected to the £Q: 
ordination unit that is an investment Co. These are: financing oil seed growing on 
plantations. seed-oil production and trading with the products which are the seeds 
and the seed-oils. The products as physical objects are seeds, seed-oils and 
contracts for production with farms and factories, and contracts for trading with 
trading houses. The IIUUket of the products is in Hungary and abroad. TI1e main 
functionality is contracting partners to produce and to sell and buy. There is a 
management and a staff to prepare contracts using advanced forecasting and trend 
analysis tools. The product delivery cycle is unique: no cycle for the contract, 
however there is a special cycle for the seeds and oils covered by the contracts, as 
financing starts very early, 3-12 months before harvesting. There are three 
different profiles of individual nodes in the network: 

• Big farms and oil pressing factories. Their activities include market research, 
approval, contract preparation, contracting, growing the seeds on the 
plantations and delivery of seeds or pressed oils. 

• Small farms and seed-producers. TI1eir activities are basically the same as 
above, but they are organized in one big group. 

• Trading houses. Their activities include the seed and oil purchasing, the 
selling ofthe purchased goods and the cashing of the money. 

For detailed description and analysis of the HN please see in Deliverable DO 1 
(1996). The evaluation module is an independent software node in the first pilot 
implementation. 

4 PLANNING REQUIREMENTS FOR THE HN 

The PN means a real-time, on-line network with three basic functions. The 
intelligence of the Hungarian PN is supported by expert systems in the CU and 
EM. The CU and the EM software may be included into any of the nodes, or they 
may be independently implemented, a LPM must belong to all participating nodes. 
The tasks of the expert systems are double; they solve the planning problems of the 
network and parallel handle/control the complex communication among the CU 
and the EMs. 

Before starting the ES development the planning requirements for the ESs have 
to be investigated very carefully, in order to avoid critical problems later. 

4.1 Planning requirements for the co-ordination unit 

• Subcontracted seed and oil production orders monitoring. 
It is interesting for the co-ordination unit be able to consult in any moment 
the production order's list launched for a given order. In addition it shows all 
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the associated data with each order, like the following: start date, forecast 
delivery, progress state of the work, etc. 

• Node workload monitoring 
The co-ordination unit could see in any moment the forecast workload for 
each node for a period of time. This information is very important for the 
workload distribution between the nodes. In order to get this, it is necessary to 
update periodically the information used by the co-ordination unit. 

• Monitoring of the accepted and pending subcontracting offers 
The co-ordination unit requires having a list of the subcontracting offers for 
each special product and partner. So the co-ordination unit could control the 
state of each offer like accepted, pending of acceptance, to be sent to the 
node. 

• Sending of the planning of the subcontracted groups to the nodes for their 
fulfilment 
The node needs to receive the current information and the group planning. 
The co-ordination unit defines some milestones. The node would establish the 
milestone's date and this information would return to the co-ordination unit. 

• Linking between the co-ordination unit planning and the node planning. 
The co-ordination unit divides the planning in some activities. These 
activities might be used in the node planning, so they could be controlled 
from the co-ordination unit that should know the manufacturing progress. 
This information exchange might be in an electronic environment or similar. 
So each time the co-ordination unit connects with a node it is getting the last 
information. 

Task distribution and task assignment criteria 
As it was mentioned above, in principle all nodes are capable of accomplishing any 
of the production 1asks. Due to historical reasons and work sharing it is normal to 
have a distribution as not all partners have oil pressing facilities among producers, 
and the trading houses are different in relations and in their main lines (special 
seeds, or oils, or both). 

Workload distribution 
The workload distribution is accomplished when the needs calculations are 
performed. This is the moment when the seed growing, oil production and 
marketing launches for each group are assigned. The local planning task is made 
using different methods (not necessarily computerized) at different sites. 

4.2 Planning requirements for the nodes 

• Forecasting, trends and market analysis. 
The co-ordination unit and the node's computer systems are similar, so it is 
interesting to have a more automatic information exchange method. 
The first application for this automation might be the exchange of the 
forecasting and analysis data from the co-ordination unit to the nodes. With 
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this automation some actual steps could be avoided and some benefits, like: 
paper reduction, reduce the time required in the information entry, and less 
writing errors, etc. might be obtained like. 

• Access to the co-ordination general planning in order to foresee the workload. 
After making the first planning from the co-ordination unit this information 
might be sent to each node telling them the potential production/trading needs 
and the estimated dates. With this information the node might foresee their 
necessmy production/trading for a period of time. One benefit of this policy 
would be that the nodes would avoid or would reduce some bottlenecks in 
their production. 

• Anticipated prevision of the potential orders and workload. 
This point would be a consequence of the previous point. 

• Group design evolution in the co-ordination unit. 
If the node knows in advance his workload, the node might take some 
information from the co-ordination unit about the state of the design activities 
related with the product group it has to produce. So depending upon the 
design state the node might foresee potential delays in the preparation and re
planning its local planning. 

• To dispose a local planning tool with a finite capacity. 
It might be interesting in order to optimize the workload. 

• To define the verification cards between the co-ordination unit and the nodes. 
The co-ordination unit sends to the nodes all the required information about 
the production group. Besides the co-ordination unit sends to the nodes a 
verification card, where it defmes the verification requirements. So the node 
might participate in the verification card definition in order to optimize the 
quality process. 

In Table 1, a few rules/actions are introduced for re-planning the original 
production plan in case of special, unscheduled events (problems). 
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Table 1. Some selected rules/actions for re-planning the original production plan 

Problem 
The node refuses the appraised 
offer. 

The node can not finish the work 
on time. 

The node's supplier is out of the 
delivery time. 

Customer modification. 

Disfunction on the production 
groups. 

Action 
1. Subcontract to another node. 
2. Make new offer appraises. 
3. Production subcontracting to other 

nodes, out of the network. 

1. To urge the node in order to finish 
the work on time. 

2. Depending of the final evolution. 
2.1. If it not suppose perturbation in 

the final business, the activity is 
re-planned. 

2.2. If it suppose perturbation in the 
final business, the activity is re
planned and the customer is 
advised and explained the reasons 
and the future actions. 

1. Ask to the customer to urge the 
supplier in order to supply on time. 

2. Ask to the co-ordination unit to 
urge the supplier in order to supply 
on time. 

1. Re-negotiate with the customer. 
2. To communicate to the nodes. 
3. Project re-planning. 

1. If it is very expensive, advice to the 
node in order to re-organize it in 
the co-ordination unit 

2. If it is simple, it is re-organized by 
the co-ordination unit. 
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4.3 Communication and information exchange 

In case of a planning network the definition of the regular communication 
relations, routes in the design phase of the network are very important. Table 2 
shows part of the communication and information exchange requirements with the 
following assumptions (Information exchange is really bi-directional in most cases, 
this is shown by multiple arrows): 

• There is no communication between production and trade nodes. They 
communicate only with the co-ordination unit 

• The customer bas no direct contact to the production and trade nodes, only to 
the co-ordination unit 

• The co-ordination unit is the investment Co. in our special case (as soon as an 
independent co-ordination unit will be established it would be changed to a 
more special local node) 

Table 2. A part of the information exchange among the nodes and the CU 

DOCUMENT CUSTO- CO- PRODUC- TRADE 
MER ORDINATI- TIONNODE NODE 

ON UNIT 
Consult ¢ 

Standards ¢ 

Offer ¢I ¢I 

Order ¢ ¢ 

Demand ¢ ¢ 

Supply ¢I ¢> ¢I 

Planning ¢I ¢I ¢I 

Accepted offer ¢I ¢> ¢I 

Rejected offer ¢I ¢I ¢I 

Order ¢ ¢ 

Product ¢I ¢I 

Capacity ¢I ¢I 

Forecast ¢ ¢I ¢I 

Contract ¢ ¢> ¢ ¢I ¢I 

4.4 Expected benefits 

The main advantage of using the described network is the more effective usage of 
each SMEs (farms, oil pressing factories) resources, faster reaction for market 
demands while keeping the individual characteristic of each node (fann). Through 
this coordination the production of a very unstable, unreliable (working with high 
risk) production field, the agricultural production can become more reliable, more 
safe both for the customer and the farmers that are members of the network. The 
reliability leads to more orders, stabilized and higher income, less costs i.e. more 
profit. The expected costs of the investment (network installation and software) are 
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low, to learn the applied infonnation technology needs only short time, so the 
PLENT manufacturing network has good chances for success in agricultural field 
as well. 

5 CONCLUSIONS 

In the PLENT approach, a production network is conceived as a set of operational 
nodes with equal rights, co-ordinated by a central unit that interacts with 
customers, distributes tasks to nodes on the basis of prefixed criteria and up-to-date 
information on node state and reliability, and informs each node on its position in 
the network with respect to the manufacturing process. These tasks are realized by 
an expert system, that deals both with the planning/re-planning and the control of 
communication among CU and the nodes. 

11tis new approach for SME network coordination is vel)' promisable, because 
it offers the advantages of the holonic manufacturing paradigm parallel giving the 
possibility of keeping the traditional individualism of SMEs. The realization of the 
method is going on in four countries involving SMEs from three different fields of 
production (in machine- and textile industl)', in agriculture). 

The results achieved so far prove that it is possible to develop network based 
co-ordination software for SMEs that is general enough to be applied in fully 
different production fields. Tite early experiments show that the ISDN-based 
Hungarian Network has a good perspective. The program development phase has 
already started using Visual C++ and SYBASE. 
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Abstract 
Enterprise Integration (EI) deals with increasing interoperability among people, 
machines and applications to enhance synergy within an enterprise to better 
achieve business objectives. EI is both an organizational and a technological 
problem. An enterprise integration framework is presented in this paper for 
manufacturing environments based on works perfonned in projects of the 
European ESPRIT program (AMICE, AIT, OPALj. The framework relies on 
advanced technologies for systems and application integration (integration 
platfonns, request brokers, electronic data and infonnation interchange standards, 
workflow engines). It also includes an enterprise modeling framework to deal with 
business process and organizational aspects at the business integration level, with a 
special emphasis on human aspects. 

Keywords 
Enterprise Integration, Enterprise modeling, Manufacturing systems, CIM, 
Integration platfonns, AIT, OPAL 

1 INTRODUCTION 

Enterprise Integration (EI) deals with increasing interoperability among people, 
machines and applications to enhance synergy within an enterprise to better 
achieve business objectives. This is a teclmological as well as an organizational 
problem. It can be limited to the scope of one enterprise or extended to several 
enterprises involved in a common supply chain (extended enterprise). 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
© 1997 IFIP. Published by Chapman & Hall 
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There is the need to develop frameworks for enterprise integration as well as 
technical solutions to achieve integration. Enterprise integration frameworks 
provide reference architectures and guidelines for business users to understand the 
purpose and scope of EI, position and compare potential solutions and explain 
relationships among these solutions. Examples of such frameworks are CIMOSA 
(AMICE, 1993), the European pre-norm CEN ENV 40 003 (CEN, 1990) or the 
GERAM framework of the IF ACIIFIP Task Force on Architectures for Enterprise 
Integration (Williams eta/., 1994; Williams, 1995). Technical solutions consist of 
methods, modeling tools, software packages, and standards as well as particular 
architectures. The bad news for business users is that they are characterized by 
their tremendous diversity and frequent incompatibility. 

In this paper, EI is first defined with regards to the manufacturing context 
(including inter- and intra-enterprise integration). A global framework for 
enterprise integration is then presented as a result of a study conducted by AIT, a 
European initiative for advanced IT in design and manufacturing. The framework 
relies on advanced technologies for systems and application integration, including 
communication networks and protocols, distributed computing environments, 
shared databases, electronic data interchange and data exchange formats as well as 
hypertext. The business integration level addresses business process modeling at 
various stages of the enterprise life cycle (requirements, design, implementation) 
as recommended by reference architectures for EI (CIMOSA, ENV 40 003, 
GERAM). Emphasis is placed on the modeling of resource and organizational 
aspects of manufacturing enterprises, with a special emphasis on human aspects. 
The last section presents some conclusions. 

2 ENTERPRISE INTEGRATION 

Enterprise Integration (EI)' is mostly concerned with breaking down organizational 
barriers and making the enterprise, or even a network of enterprises in the case of 
the extended enterprise, interoperable to improve enterprise efficiency and 
reactivity. It is essentially concerned with facilitating decision-making in 
distributed environments, simplifying business processes across the enterprise and 
providing the right information at the right place at the right time (Petrie, 1992; 
Vemadat,l996). 

Organizational issues: EI is first of all an organizational problem. If 
information and decisions are not properly transmitted, understood, managed or 
processed, then the enterprise will not operate correctly and its organizational 
structure has to be revisited before any technological change be made. 
Furthermore, the role of human resources remain central and essential in EI. 

Interoperability: From a technological point of view, to make integration 
possible there is the need to facilitate communication exchange and sharing as well 
as inter-working throughout the company. This assumes the availability of an 
integrating infrastructure, i.e. a middleware facility with a set of computer services 
to support the exchange of messages, information or objects and to send requests to 
remote systems and receive responses. 
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Two types of enterprise integration problems can be distinguished: intra
enterprise integration versus inter-enterprise integration. 

Intra-enterprise integration, or 'inside the four walls integration', typically refers 
to the CIM concept extended to the whole enterprise. Technologically, it could be 
achieved if company standards are imposed on the enterprise in terms of a limited 
number of compatible and interoperable pieces of equipment, standard interfaces 
and nonnalized procedures and data structures to be used. Although feasible, this 
would be a too rigid approach to meet the need for reactivity imposed nowadays by 
:fluctuating matket, business and technological conditions. The CIM concept must 
evolve towards EI to take into account agility, human factors as well as knowledge 
and decision-making distribution requirements. 

Inter-enterprise integration concerns have emerged with the extended enterprise 
concept. The challenge is to face such realities as global markets, the rise of mass 
customization and the need to develop environmentally benign products and 
processes (Browne et al., 1995). The solution is to build networks of enterprises to 
look beyond 'the four walls of the manufacturing plants', i.e. control the whole 
value added chain to better serve the customer world-wide and have access to 
resources (human or technological) outside the enterprise. Inter-enterprise 
networking is the key. Again, this is first of all an organizational problem (e.g. 
choice of partners, business network, legal issues, intellectual rights, etc.) before 
being a technical problem (e.g. computer networks, distributed databases, EDI). 

3 ENTERPRISE INTEGRATION FRAMEWORKS 

3.1 General EI framework 

Traditionally, three levels of integration are differentiated: physical or system 
integration, application integration and business integration (AMICE, 1993). Table 
1 provides an indication of integration aspects covered by each level while Figure 1 
provides an indication of teclmologies involved. Physical system integration is 
mostly concerned with system interconnection and message passing using 
computer communications networks. Integration services, distributed computing. 
environments and object request brokers can then be implemented on top of these. 
Application integration builds on physical systems integration and is more 
concerned with application interoperability and distributed co-operative 
applications and requires data and information exchange using integration 
platforms (such as CORBA, AIT-IP or OPAL). Finally, business integration goes 
beyond application integration in terms of business process co-ordination and 
enterprise networking. It must take into account organizational issues and human 
factors and requires enterprise-wide knowledge sharing. This assumes a precise 
modeling of intimate enterprise details concerning enterprise procedures, 
organization, knowledge and know-how in the form of a shared enterprise model. 
Part of this model can be enacted using workflow engines and computer support 
for collaborative work (CSCW). 
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Table 1 Integration levels and aspects 

Integration levels Integration aspects 

Business Business process coordination Organisation 
Enterprise-wide knowledge sharing and human 
Interworking; enterprise intemetworking 1ssues 

Application Distributed cooperative applications 
Data/information exchange 
Application interoperability Technological 

Physical Basic computer communication issues 

Message passing 
Interconnection 

CIM 
Integration level 

BUSINESS 
INTEGRATION 

ENV 40 003 GERAM 

CIMOSA CALS 

Organisation and human aspects 

APPLICATION 
INTEGRATION 

BP/workflow execution engines/CSCW 

EDIIEDIFACT STEP/PDES HTML 

SQL/OQLIODMG KQML/KIF PIF WPDL 

Integration services OPAL AIT·IP 

PHYSICAL SYSTEM 
INTEGRATION 

/ OSF/DCE OMGICORBA 

ISO-OSI TCP/IP ASI 

Figure 1 Integration levels and related technologies 

lnternet/W W W 

ATM 

CIM/EI Evolution 
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Figure 1 shows the diversity and complexity of technologies involved in EI. These 
are briefly discussed in subsequent sections. Historically, they have been tackled 
from the bottom level, i.e. from a technical point of view because of technology 
evolution reasons. However, from a methodological point of view and taking 
advantage of recent technology advances (concerning high speed networks, 
distributed computing environments, object-oriented technology, hypermedia 
technology, workflow management and CSCW), EI must be addressed first at the 
business level (concentrating on business process and organizational issues) and 
then at the technological levels (application and system levels). 

To illustrate parts ofthe general framework, two examples (AIT-IP and OPAL) 
are discussed from our experience in integration platform development for 
integration in manufacturing, and especially from the ESPRIT program and its AIT 
initiative. 

3.2 AIT-IP 
AIT is a European initiative launched in 1993 for Advanced Information 
Technology in design and manufacturing activities. It is sponsored jointly by all 
major European manufacturers of the automotive and aerospace industries and by 
the ESPRIT Program oftlte Commission of the European Communities (CEC). Its 
aim is to identify industry requirements for future IT solutions and influence IT 
product development on tlte basis of a consensus built among IT users. 

Among major requirements identified by AIT · there is the need for an 
integration platform making the business support applications or BSAs 
(CAD/CAE, CAPP, MRP, CAM, SFC) independent from the IT basic 
infrastructure proposed by IT vendors, thus allowing their independent evolution 
(principle of application isolation). The integration platform must enable 
integration of business support applications using a 'plug and play' strategy to 
guarantee IT vendor independence and protection of previous investments 
(principles of modularity and interoperability). 

To specify the requirements for such an integration platform, a reference 
model, called AIT lTRM for AIT IT Reference Model, has been defined (AIT, 
1995). The AIT lTRM is an open, standard-based, non proprietary reference model 
defining middleware requirements for integration in large distributed 
manufacturing environments. The lTRM envisions integration as a set of 
interoperable integration platforms being installed at different user sites and 
providing a number of integration services. The ITRM is organized around a 
software bus (which could be CORBA-Iike object request broker) as depicted in 
Figure 2. Integration services include generic execution services (GESs), 
application front-ends (AFEs), machine front-ends (HFEs), human front-ends 
(MFEs), data server front-ends (DFEs) and communication front-ends (CFEs). In 
addition, system-wide actor directory management services record all functional 
entities (humans, machines or applications) used in the enterprise architecture and 
system-wide information management services access information models 
containing the enterprise model are mandatory. 
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These integration platfonns with the necessary services can be installed on 
various sites of a company to integrate specified application systems. They can 
then be interconnected to one another to fonn an enterprise-wide network fonning 
an integrating infrastructure for some part of an enterprise or for a group of 
enterprises (extended enterprise). 

3.3 OPAL 
OPAL is a software platfonn for integrated infonnation and process . management 
dedicated to design and manufacturing environments (OPAL, 1996). OPAL is 
developed as an ESPRIT project as part of the AIT initiative. OPAL takes 
advantage of modem technologies for information management and sharing 
including object request brokers, object-oriented database technology, neutral 
product and process data exchange fonnats such as STEP, workflow engines and 
hypennedia technology such as the HTML and the world-wide web (WWW). 

The global system architecture of OPAL is presented by Figure 3. It consists of 
a data repository, an execution environment based on a workflow engine as well as 
a middleware layer (based on the CORBA object request broker) and central 
services for system-wide message and object exchange and interoperability. 

Exchange 
Protocol 
(e.g. MMS) 

Virtual 
Tenninal 
Management 

Figure 2 The AIT integration platfonn 

Database Network 
Engines Management 
(SQL, 00, ... ' (e.g. TCP/IP) 
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Figure 3 OPAL general architecture 
The enterprise repository containing business process, organization and data 
models to be used to control business support applications. Process models and 
data models are stored using a common object-oriented structure. Each application 
package (e.g. CAD, PDM or MRP system) must be encapsulated using its 
application program interface (API) to become an agent in the integrated system 
(encapsulation seJVices). It can then be accessed by other modules via the 
middleware layer (based on CORBA) and the central services (naming services, 
time services, communication services and information services). Since this 
integrating infrastructure is dedicated to engineering and manufacturing data 
management, it also provides so-called virtual folder system services and WWW
browser facilities to deal with product data. The virtual folders are used to collect 
and transmit technical documents (e.g. CAD drawings, bills-of-materials, product 
documentation, simulation data, text files, etc.) put together as one document and 
to be exchanged by users or application systems across the system. Hypermedia 
web browsers facilities provide users with the ability to navigate through the 
product and process data to which they have access wherever they are located in 
the system. 



624 

The specification of OPAL took place in 1996 and a prototype is planned for 
the end of 1998. Two industrial pilot test cases are under development at PSA in 
France and Robert Bosch in Germany. 

4 SYSTEMS INTEGRATION 

The system integration layer has been the focus of tremendous research efforts 
over the last two decades both from the traditional EDP standpoint and the CIM 
standpoint OSI (MAPtrOP) and non-OSI communications protocols (Ethernet, 
SNA) are now widely available both for local and wide area networks. The current 
trend is on one band improving the performance of computer networks (bandwidth 
and speed) and on the other hand having simple, fast, low-cost communication at 
the equipment level. 

The state of the art in manufacturing environments is to use field-buses (based 
on FIP or ASI protocols) at the equipment level, local area networks based on 
TCPIIP at the station, cell or plant levels and A TM technology at the cell, plant and 
enterprise levels. 

Furthermore, Internet and web technology are rapidly penetrating the 
manufacturing area from design offices to shop floors. This is made possible by the 
emergence of the object-oriented technology and distributed computing 
environments such as OSF/DCE and OMG/CORBA. 

5 APPLICATION INTEGRATION 

For many companies it is important that their applications can inter-operate, i.e. 
work together and not in isolation whatever the operating systems, database 
systems or communication network regardless of the systems. Therefore, 
application integration concerns data/information exchange and sharing as well as 
application interoperability. Three complementary trends are currently under 
development in this area: 

Data exchange formats and data and knowledge manipulation languages: 
Manufacturing and engineering data appear in various forms in an enterprise, 
including text, drawings, images and signals. Central to these are product and 
process data. Application integration thus relies on standards such as EDI for 
administrative data exchange, STEP for product and process data exchange and 
SGML for technical document exchange. In addition, access to data can be made 
via SQL to relational databases, OQL or ODMG for object-oriented databases and 
QKMIJK.IF can be used to exchange knowledge. PIF is a language developed as a 
process interchange format while WPDL is the workflow process description 
language of the Workflow Management Coalition (WfMC). 

Integration services and integration platforms: The client/server architecture 
provides a basic model for tlte communication between two (remotely located) 
interacting or co-operative agents: the client and the server. The infrastructure 
linking agents in a client/server architecture is called an integration platform. AIT
IP and OPAL are examples of such platforms for the manufacturing industry. An 
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integration platfonn is a set of computer services together with a middleware layer 
built on top of communication systems to facilitate message and request exchange 
among agents (or functional entities or actors) of a system. These services can deal 
with data transmission, data access security, transaction management, concurrency 
contro~ clock synchronization, binding a name to an object, tracing a request to a 
client, data presentation to an application, computer network access, to name a 
few. 

Workflow management and enactment: Application packages are often used 
according to predefined business procedures called business processes and made 
up of a chain of activities to be executed in a given order to perfonn a business 
task. To control the execution of these processes, they can be modeled in the fonn 
of a workflow which can then be executed under the control of workflow execution 
engines. 

To learn more about basic principles and teclmiques for application integration, 
the interested reader is referred to (Vernadat, 1996). 

6 BUSINESS INTEGRATION AND ENTERPRISE 
MODELLING 

So far the discussion has concentrated on the technological aspects of EI, 
essentially because this is the facet of EI which is best understood although still 
incompletely solved. In this section, we focus on logical aspects, and especially the 
organizational and human aspects, of EI. In practice, these are the concerns which 
must be addressed first 

From the experience gained on the development of CIMOSA (AMICE, 1993), 
it is the author's opinion that enterprise modeling (EM) plays a crucial role in EI. In 
fact, EM is a pre-requisite to EI (Vernadat, 1996). 

Reference architectures for EI (CIMOSA, ENV 40 003, GERAM) suggest 
modeling business entities or enterprise domains according to four views (function, 
infonnation, resources and organization views) and three modeling levels 
(requirements definition, design specification, implementation description). 

Various methods have been recently published for enterprise modeling in 
manufacturing (IDEF suite of methods, GRAI/GIM, CIMOSA, IBM, ARIS, 
OMr). Users of the above modeling methods must make sure that in addition to 
modeling functional and information features other features such as resource and 
organization aspects, and especially human factors in terms of competencies and 
skills as well as decision-making abilities in terms of responsibilities and 
authorities, are correctly represented. 

However, according to the PERA methodology (Williams, 1992), first it is 
fundamental that any integration project be preceded by a master planning activity 
to define the scope of the EI project, the mission to be achieved and the policies 
and strategies to be deployed. Second, during system development, it is essential to 
define the role and place of humans within the information and control architecture 
as well as in the manufacturing equipment architecture. 
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Therefore, enterprise modeling metl10ds and tools must pay special attention to 
three fundamental aspects of industrial systems: business processes, agents and 
organizational aspects. 

The modeling of business processes covers the modeling of the control, 
information and material flows within an enterprise. The control flow is 
represented by a workflow depicting the sequence of activities to be performed as 
an event-driven process chain. The information and material flows are defined by 
the inputs and outputs of activities involved in a business process. IDEF3 (Mayer 
et al. 1993) and the CIMOSA (Vernadat, 1993) process model are state-of-the-art 
methods in this field. 

Agents represent the functional entities or actors of the system, i.e. any entity 
able to send, receive, process requests or even store information. They may 
represent autonomous devices, software applications or humans. Because of their 
dynamic nature and autonomy in terms of behavior, tl1ey need to be modeled 
separately from processes and be binded to processes only at nm-time. Agents are 
usually charncterized by their set of provided services (or interface), their set of 
offered capabilities, location, availability and sometimes capacity. In the case of 
human resources, important characteristics are skills and competencies. Once 
defined, these can be used to define a user's profile to fulfill a role as required by 
the execution of some activities of a process. Human skills are defined in terms of 
capabilities that a person can have or exhibit Competencies are defined in tenns of 
knowledge trees which describe domains of expertise and know-how possessed by 
users. The elaboration of knowledge trees requires the help of knowledge 
engineers. 

Organizational aspects can be modeled in terms of organization wilts and 
organization cells. An organization wlit is any functional entity or agent having 
some responsibility and authority. In other tenns, it has some decision-making 
power on some part of the enterprise. Its area of responsibility and job profile must 
be known. Knowledge and know-how required for this duty can be modeled using 
knowledge trees and compared with knowledge trees of employees qualified for 
this job. Organization cells are aggregations of organization wlits or smaller 
organization cells to fonn a decision center within the enterprise. Each 
organization cell must be placed under t11e responsibility of an organization wlit 
which must be a person. Decision centers can be organized into decision levels to 
construct the organization structure of the enterprise (be it hierarchical or 
decentralized). 

While a lot of work has been done on the modeling of business processes and 
information systems of an enterprise, further work remains to be done on resource 
and organization aspects, and especially hwnan factors, to build human-centered 
integrated manufacturing systems. 

7 CONCLUSION 

Enterprise Integration should be a target for any industrial company either 
struggling in a competitive environment or contributing to a network of partner 
companies. The benefits of EI should be increased efficiency and competitiveness 
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by means of better communication, co-operation and co-ordination of the 
functional entities of the enterprise (in tenns of co-ordination of business processes 
and enterprise-wide information sharing) and better reactivity to changing business 
conditions by a controlled management of change. 

Nevertheless, business users must keep in mind that first EI is not a teclmology 
but a goal. It is first of all an organizational problem before being a technological 
problem. Moreover, EI is a never ending process. Even the best integrated 
manufacturing system can always be further integrated. New teclutologies and 
management principles can be constantly used to push integration boundaries 
forward. However, the real challenge with EI remains to be able to provide humans 
with the right tools, information, decision support or empowerment they need to 
perform their work more efficiently and in symbiosis with the rest of the 
enterprise. 
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Abstract 
From the beginning of the 80s, several methods for enterprise modelling have been 
developed, among which the GRAI approach. The GRAI Integrated Methodology 
(GIM) is one methodology belonging to the GRAI approach, enabling the 
modelling of the enterprises' physical and informational systems, as well as their 
decisional system. Jmagim+ is the software support to GIM, providing assistance 
for the implementation of the approach. Imagim+ is composed of a set of 
integrated graphic editors for each formalism used in the GIM methodology (grids, 
nets, ldejD and EIR diagrams). Besides its graphical capabilities, the software has 
an expert system to validate and diagnose malfunctions in the models built. This 
paper presents Imagim+, describing its main ftmctionalities and use in enterprise 
modelling. 

Keywords 
Enterprise modelling, consistency check, diagnostic, knowledge-based systems, 
GRAI approach. 

1. INTRODUCTION 

GIM (GRAI Integrated Methodology) has been conceived with the main goal of 
providing techniques and flexible tools for enterprise modelling. Having been 
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inspired on the GRAI approach (Doumeingts 84), GIM has extended it in order to 
model the totality of the enterprise, instead of focusing only on the decisional 
subsystem. 

The GIM approach is implemented in three main phases: the modelling phase, 
where the initial model of the enterprise is produced; the inconsistency seatch, 
whose main objective is to detect inconsistencies and weak points in the enterprise 
studied; the design phase, where the design of the new system is elaborated based 
on the results of the previous phases. The software Imagim+ has been built in order 
to support the implementation of GIM through all three phases. The software is 
composed of four graphic tools for the edition of the graphical formalisms 
employed, namely: GRAI grids, nets, IdefO and Entity/Relationship (E/R) 
diagrams. Besides its graphical capabilities, Imagim+ incorporates an expert 
system that validates and diagnoses malfunctions in the models built. 

This paper presents the software Imagim+, describing its architecture and main 
functionalities. This paper is organised as follows: Section 2 gives a brief 
introduction to the formalisms used in GIM: Section 3 presents the architecture of 
Jmagim+, outlining the structure and operation of its main components. Section 4 
presents a practical example of the use of Imagim+ in the modelling of an 
enterprise which manufactures products under demand, in small scale; Section 5 
presents some conclusions and directions for future work. 

2. 1HE GIM FORMALISMS 

The GIM formalisms have been chosen tlrrough a comparative study of different 
existing methods (Roboam 88). The main criteria used in the selection of each 
method have been the exactitude of the representation and its ease in interpretation. 
The formalisms employed in GIM are: 

• JdefO (!CAM Definition) - used for the modelling of the enterprise's 
functions and physical system. This formalism has been developed in the 
American project ICAM (Integrated Computed Aided Manufacturing), with 
the goal of representing in a hierarchical fashion and from a static point of 
view the functionalities of an enterprise. We will focus mainly on the 
modelling of the physical system. The models highlight the use of physical 
and human resources, as well as the flow of products (e.g. in case of 
manufacturing systems). The description of the physical system is initially 
done from a global level, indicating top-activities and then subdividing each 
activity to the level of specificity desired. 

• the GRAI formalisms (grids and nets): used in the modelling of the 
enterprise's decisional system. The main advantage of using the two 
representation mechanisms is that while the grids enable the representation 
of the global structure of the decisional system, the nets can be used in the 
representation of the details and internal operation of the components of the 
decisional system. The grid has a matrix form which determines temporal 
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and functional aspects of the decisional system. The nets provide a more 
refined view of the decisional system, detailing the activities defined in the 
decision centres of the grid. 

• Entity/Relationship: used in the modelling of the informational system. In 
the context of a GIM study, this representation mechanism is used mainly 
for the description of the conceptual and structured information models. 

Below, the GRAI grids are further explained. as they are used later to illustrate 
the modelling of the decisional system of an enterprise. The reader is referred to 
Zanettin (1994) for a more detailed description of all the formalisms used in GIM. 

The GRAI grids have been conceived to describe the global structure of the 
decisional systems. The horizontal axis of the grid is decomposed in different 
functions (in the example of figure 1: to manage resources, to plan, etc.), while the 
vertical axis is divided into two temporal lines: horizon and period. The decisional 
system is then globally described in the grid by placing decision centres according 
to their function and to the scope of their decision. 

Links between the different decision centres are also described in the grid, Two 
types of links exist: informational and decisional. The latter is called decision 
frame and comprises objectives to reach, constraints, decision variables and 
criteria In the grid, the decision frame is represented by a framed arrow and the 
information flow by a simple arrow. The basic structure of a GRAI grid is 
presented in Figure 1. 
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Figure 1: The GRAI grid. 
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3. THE ARCHITECTURE OF IMAGIM+ 

Figure 2 presents the architecture of Imagim+. The knowledge-based system has 
been divided into three portions: the editors, the database system and the rule
based system. The next subsections describe each of these components. 
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Figure 2: The basic architecture of Jmagim+ 

3.1. The Editors 

The editors of lmagim+ have been organised in three groups, as described 
below: 

• The Rules editor, which enables the user to create new rules, to modify or 
delete them. This editor can also be used to select and mark a set of rules as 
the active set, which means that when the system activates the rules, these 
are the only rules of Rule Base to be verified. 

• The Context editor enables the user to create, view and modify the context 
information. The term context is used here to classify the data describing an 
enterprise, as well as its environment (e.g. the company's type, size, position 
in the market, etc.). According to the company's type, several other 
attributes are defined. For instance, for a manufacturing company, the 
conte:xt will detail the types of products manufactured, the quality 
constrnints, technology features, etc. 

• Graphic editors: four graphic editors have been defined in lmagim+, 
for each of the fonnalisms of GIM: GRAI grids, GRAI nets, IdefO 
and EIR diagrams. The editors enable the user to create new models 
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and eventually modify them. As the operation of all editors is fairly 
similar, we present below the main functionalities of the GRAI grid 
editor. 

The GRAJ grid editor provides flexible tools for the construction of a grid. 
Figure 3 shows an initial empty grid created by the editor. 
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Figure 3: The GRAI grid editor. 

When creating a new grid, the editor provides a grid skeleton which is filled
out by tbe user witb the appropriate information. By using the buttons shown in the 
tool-bar, he may select elements of the grid. add functions, add levels, delete 
functions or levels. add informational or decisional flows. By clicking on the 
elements displayed on the grid. the user may also change the information shown. 
For example, if tbe user wants to change the first couple horizon/period of the grid. 
by clicking on tbe corresponding square, a dialogue box is displayed where the 
user enters the new information (figure 4). 
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Figure 4: Changing the infonnation of a decision center. 

3.2. The Database system 

The database system is responsible for the storage of the "environment of a 
GIM study", ie. the models built, as well as tlte rules and tlte context data. Each 
study has tlms a particular database where aU this infonnation is stored. 

The part of the database concerning tlte rules contains some essential 
knowledge that is always delivered with tlte system. Tllis knowledge can be later 
adjusted by tlte user according to his needs, tltrough tlte addition of new rules, the 
activation and switchlng-off of certain rule-sets. Tlte structure of tlte Rule-Based 
system is presented next. 

3.3. The Rule-Based system 

The Rule-Based System has tlte goal of identifying inconsistencies and 
malfunctions in tlte models built by tlte user, according to tlte models tltemselves 
and some further infonnation about the enterprises (tlte context). Figure 5 shows 
tlte four main components of tlte Rule-based system. 
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Figure 5: The detailed architecture of the Rule-based system 

• The Rules manager makes sure new rules entered in the system will not 
conflict with already existing rules. The rules consistency is managed by the 
Rules manager in two aspects: static and dynamic. The fomter deals with 
the consistency of mles taking into account only the rules described in the 
Rule base, without considering the facts contained in the Fact base (systems 
such as COV ADIS (Rousset 88) and INDE (Pi pard 88) are based on this 
approach too). The inconsistencies that may be found at this level concern 
redundancy, contradiction and cycles. The redundancy of rules happens 
when two or more rules are identical (same conditions and conclusions); the 
contradiction, when the mles have the same conditions but different 
conclusions; and the cycles when there is a chain of mles in the Rule base 
where the first rule has a condition A and the last has a conclusion A, thus 
forming an endless loop. The consistency in the dynamic level concerns 
both the facts stored in the Fact base, and the rules themselves (systems 
such as TMS (Doyle 79) and A TMS (De Kleer 86) are based on this 
approach as well). At this level, the consistency is verified at all times. 
When the conditions which have conducted to the deduction of a fact are no 
longer valid, tllis fact is removed from tlte Fact base. Therefore, tltere is no 
risk that another mle takes into account tllis inconsistent fact. 

• The Context data manager makes available to the Rule-based system all 
sorts of infomtation about tlte enterprise studied (tlte context). 

• The Main Core is furtlter divided into tlrree components. 
=> The Rule Base is composed by the mle sets which have been selected by 

tlle user. 
=> The Fact Base stores tlte facts used to test the condition parts of tlte 

rules. Two types of data are kept in the base: facts from the user's 
models (grids, nets, Idetu and FiR diagrams}, and from the enterprise 
context. 

=> The Inference Engine accesses the Rule Base to obtain the mles selected 
for the current study. The Fact Base (context data and user's models) are 



636 

also checked in order to identify true statements in the condition part of 
the existing rules. 

• The Glossary is the component of the system that enables the user to use the 
vocabulmy of his choice when describing tlte models created. The glossary 
translates the expressions commonly used into standard terms which have a 
particular "meaning" to the system. 

The rules stored in tlte Rule Base have been organised in a hierarchical 
structure as shown below: 
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Syntax 
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Modelling Integrity 

Rules __[regarding operation 

Diagnostic L regarding type 

regarding category 

Figure 6: The hierarchy of rules 

• Modelling rules: ensure tlmt the models built do not present inconsistencies. 
They have been divided into: 
- GRAI syntax rules: concern the detection of inconsistencies related to the 

syntax defined for each formalism. Eg.: ''for a given level, the horizon of 
decision-making must have at least five periods for reviewing the 
decisions" 
Integrity rules: detect inconsistencies in tlte models of a given system. 
The aim of these rules is to ensure a global coherence among tlte 
models. Eg.: "all the information contained in a GRAI grid must appear 
explicitly in the GRAI net" 
Dividing the modelling rules into two distinct sub-sets, helps the user to 
understand tlle inconsistencies detected. Furtltermore, it gives tlte user 
the opporbmity to enable or disable a whole set of rules, which 1nay be 
wanted in some circumstances (e.g. enabling only the syntax, or only the 
integrity rules). 

• Diagnostic rules: have as a main goal to identify inconsistencies in the 
studied enterprise at the semantic level. The inconsistencies are observed 
both in the models built, taking into account the context of the company. 
The diagnostic rules have been divided into three sub-sets: 
- Rules regarding tlte operating of tlte enterprise (GRAI rules): tltey are 

characterised by being independent of the context; 
- Rules which are inherent to tlte type of enterprise studied (one-of-a

kind. discrete production or continous production.); 
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- Rules linked to a specific domain (Chemicals, Weapons, Spaceship 
components.) 

The different classes of rules are applied in a specific order, according to their 
type and the GIM phase in which their are used. The syntax rules have to be taken 
into consideration in the modelling and design phases. In fact, these rules are used 
in real-time during the construction of the model. The integrity rules are triggered 
after the completion of each model, their goal being to check the models' 
consistency. Regarding the inter-model consistency rules, they are applied after the 
integrity rules, when all the models of the different views are produced. 
Concerning the diagnosis rules, they are verified, begiruring with the GRAI rules 
and then applying the rules inherent to the type of enterprise, followed by the 
domain specific rules. This progressive approach allow the users to analyse with 
efficiency their models, avoiding, for instance, to check the GRAI rules on 
inconsistent models. 

4 A PRACTICAL EXAMPLE: MODELLING A MANUFACTURING 
COMPANY WITH IMAGIM+ 

IMAGIM+ gives support to the users in all plL:'lses of the GIM approach. Figure 7 
shows the list of all models constructed during the modelling phase of a particular 
enterprise. 
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Figure 7: TI1e models of a particular GIM study 
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The view of the functional and physical models is composed of JdefO diagrams, all 
being organised in a hierarchy. The decisional model has one or more GRAJ grids, 
as well as a set of GRAJ nets which represent in detail the decision centres of the 
grids. The view of the information model is composed of one or more F/R. 
diagrams, each detailing the information kept and dealt with by the system. 

Figure 8 presents the analysis grid describing the decisional system of the 
company . 
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Figure 8: Example of analysis grid 

In this grid we can point out the concentration of the activity in the middle and the 
short tenn level, denoting, a possible lack in terms of long term decisions. The 
inconsistencies identified in the grid are signaled by the rule-based system, as 
shown in figure 9. 
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Figure 9: The problems identified in the grid 

The problems identified guide the analysts in the improvement of the models. The 
final conception grid designed for the ffit'Utufacturing system studied, according to 
goals established and eliminating the inconsistencies detected is presented in figure 
10. 
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Figure 10: The conception grid 

This grid gives priority to the production planning aspects that were lacking in the 
existing decision system. In fact, the munber of decisions levels has been reduced 
(from 5 to 4) and the values associated to the couples Horizon/Period have been 
recalculated to allow an efficient synchronisation according to the GRAI rules. 
Concerning the other components of tlte grid, decision centres have been added for 
the function To plan: Strategic (Business Plan), Tactical (Master Production 
Scheduling and Capacity Plan) and Operational (Scheduling). 

5. CONCLUSIONS AND FUTURE WORK 

At present, IMAGIM+ is in the beta-test stage and is being used by several 
consulting companies in Europe, for manufacturing systems design and diagnosis 
of problems. 

We are starting to work on the development of a complementary tool which 
uses Case-Based Reasoning (CBR) teclmiques to enable the re-use of design 
solutions created with /magim+. The new system will be capable of finding 
previous cases that may help tlte user to model the enterprise analysed, and to 
identify weak points in tlte solution proposed. The idea of using CBR in enterprise 
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modelling is innovative and can be justified for several reasons. Firstly, modifying 
a solution that has been successfully used in the past is certainly less complicated 
than building a solution from scratch (Kolodner 93). Secondly, users are usually 
more willing to accept solutions provided by concrete cases than solutions t11at are 
ready-made (Georgin et al. 94). Such a tool should provide furtl1er assistance in 
the modelling of enterprises with GIM. 
IMAGIM+ gives now a real support to the use of GIM. It was the computerized 
tool we were waiting for giving a strong development to the ORAl Approach. 
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Abstract 
We investigate essential properties of virtual enterprises and the consequent 
modeling requirements. Agent autonomy is defined. Virtual enterprises are 
treated as autonomous entities built out of autonomous entities. Requirements 
are derived from two types of virtual enterprises, a repetitive and a one-of-a
kind production or service enterprise. Properties that need to be represented in 
virtual enterprise models include t11e dynamics of decision making, the 
negotiations among participants for the delineation of domains of autonomy, 
authority, beliefs and responsibilities, t11e mapping of organizational entities 
to decisional roles, the ability to identify and analyze a variety of conflict 
types and the existence of conflict resolution paths. These properties have to 
be analyzed by matching enterprise engineering tools. An ontological theory 
is also needed to systematize the concepts that must be supported by the 
protocol languages for parallel distributed planning, scheduling and control 
algorithms in the virtual enterprise. 
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1 INTRODUCTION 

A virtual enterprise is a temporary alliance of companies for the lifetime of a 
common project, solution for a problem, or joint production of service or 
product. The rapid development of communication and networking 
infrastructures gave new impetus to the development of virtual enterprises, 
because new ways of interactions between participants have eliminated the 
time and space gap between partners. 
Virtual enterprises are such entities which, from the point of view of their 
service to the customer, appear to be one entity, but in fact are formed from 
several autonomous entities, or partners. The property that differentiates a 
virtual enterprise from an ordinary value chain is the fact that there is a single 
locus which takes full responsibility for the entire value chain of its product or 
products, even though the task is carried out by many participants. 

Several disciplines have treated the problem of how to build a larger 
autonomous system out of autonomous components. The artificial 
intelligence literature developed blackboard systems and co-operative 
dialogues to externalize mental states and beliefs (Erman et al 1980, Minsky 
1996, Winograd-Flores, 1990), the planning and scheduling area developed 
co-operative planning (Balasubramanian 1997) and holonic manufacturing 
cells (Deen 1993, Mathews 1995, Tamura 1995) similar techniques were used 
for computer supported co-operative work (Schmidt 1996 ), management 
science developed dynamic forms of organization, e.g., matrix organizations 
(Lawson 1986, Wall 1984). Co-ordination science attempts to develop 
methodologies and paradigmatic models for the same purpose (Malone, 
1993). All have an application of the basic approach: building agents out of 
agents. 

There is a new interest in how virtual companies can be created easier than 
using traditional methods. Enterprise modeling holds a promise because it 
takes out some of the trial and error component from creating a new, better 
managed value chain. Enterprise modeling languages have been developed 
and used to describe and simulate business processes, but the development of 
viable structures, good quality reusable models for virtual enterprises is far 
from trivial. We investigate some of the properties that virtual enterprises 
need to have. These properties must then be predictable from the models 
which we use to design such enterprises. 

Typical virtual enterprise formations are: 
• One of a kind engineering endeavors such as designing and building 

large petrochemical plant, roads, major facilities, organized as major 
projects - often on an international scale 

• Consortia for production, service or for research, with an alliance of 
partners limited to a common mission. 

• The creation of virtual enterprises is mainly done by business executives, 
or highly paid (and stressed) project managers who have little more help 
then their experience as to how, under time pressures, successful virtual 
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and methods, once a design is in place the change of such a virtual 
organization is often lagging behind the needs. 

Our goal is twofold: 

• We want to analyze, and identify what are the desired types of properties 
that management should be able to design and verify at the initial 
creation of a virtual enterprise, and to continuously assess and control 
during its operation; 

• We want to derive needs, or requirements, based on this analysis, as to 
what types of modeling tools and languages are, or would be especially 
suitable for the support of the virtual-enterprise engineering process. 
Hopefully an appropriate combination of existing tools, or some 
extension to such combination, will be able to answer to the so identified 
needs. 

2 RESEARCH METHOD 

We draw conclusions from previous case study experience, in the Globeman 
21 consortium (on project enterprise); and use GERAM (Generalized 
Enterprise Reference Architecture and Methodology) as the theoretical 
framework for the analysis (Bemus, Nemes, 1996). The method is selected 
because GERAM is an open, very wide scope life-cycle architecture with 
enterprise creation and change being its main focus. We also use the theory of 
GRAI Grids which are the foundation for the decisional modeling capability 
ofGRAI-GIM (Doumeingts, 1994) (a GERAM compliant enterprise reference 
architecture and methodology). Further, the division between the 
management architecture and the mission fulfillment architecture 
corresponds to PERA (Williams, 1994). 

We identify typical virtual enterprise types, and essential types of properties 
that should be accounted for in the Enterprise Models (EMs) describing them. 
Enterprise modeling languages (EMLs) and appropriate enterprise 
engineering tools (EETs) can be selected for the support of virtual-enterprise 
engineering based on their competency to support the description and analysis 
of the above properties. 

We hope that through the use of suitable modeling tools business executives 
will get help to better design multi-company ventures, e.g., to be able to 
analyze and optimize, through explicit models, the global behavior of their 
virtual enterprise. 

Because the management system of virtual enterprises needs to be different 
from incorporated ones (due to looser connection between partners) it has to 
be studied and understood what special needs virtual enterprise designers 
face, and only after that attempt to select the modeling methods and 
languages to model them. Although the types of views through which to 
model virtual enterprises can be predicted (based on CIMOSA (Vernadat, 
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purpose of representing these views needs to be gauged to the problem 
domain. 

2.1 Available methods for enterprise modeling 

Business process modeling has been extensively used to improve the material 
and information flow in a company, ameliorating the process from some 
respect or another (cost, quality of product, time to market etc.). Similar 
modeling exercises are expected to be applicable (with like expected results) 
in the context of virtual enterprises improving the information and material 
exchange among the parts of the process as implemented by the participating 
partners. In other words such models help integrate the supply chain. 
Special care must be taken with virtual enterprises in the information 
exchange and management of the chain (or product life-cycle), to avoid 
misinterpretation and rework. The specification of the interfaces using 
semantically rich schema languages (such as Express) is used in the extensive 
efforts to define STEP protocols for product data exchange (Kahn 1995) 

CIMOSA advocates the modeling of the enterprise's control system such 
that the resulting models, when mapped to the implementation and 
operational levels, can be used to control business processes. The resulting 
paradigm is called model-based control and is an important technique of 
supply chain integration, because of its ability to integrate the operational 
control level. In virtual enterprises the same operational control integration is 
applicable, only the integration infrastructure must be distributed over a wider 
area. 

Traditional enterprise modeling (applied extensively in many industries in 
the design of flexible manufacturing cells, job shops, banking business 
processes, or integrated circuit development processes) separates the design of 
the bUsiness process from the management and operation of the process. i.e., 
first design (or re-design) the processes of the enterprise, institutionalise them 
and then operate them. 

Virtual enterprises are dynamic in nature (eg a project enterprise starts 
operating its project management component before the actual project gets 
fully designed) and enterprise design and change is a function of the 
operation itself (more specifically it is part of its management component). 

Virtual-enterprise design needs various level interactions with partners who 
take part of the virtual enterprise's business functions. Thus the design 
process involves various interactions between partners. But because this 
interaction is also part of the enterprise operation, enterprise modeling must 
extend to the determination of protocols among partners which are suitable 
for negotiating about enterprise design. 
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3 CHARACTERISATION OF VIRTUAL ENTERPRISES 

3.1 Virtual enterprise 

A virtual enterprise, as any enterprise, must have a clear goal and a clear 
IDISSion. It also should demonstrate a goal seeking behavior in its 
autonomous decision making, act upon its set of beliefs, and interact with its 
environment (O'Leaiy 1997). In general it is expected that a virtual enterprise 
makes plans, and its activities follow those plans to achieve the objectives. 
The tenn 'agent' is used to describe this type of behavior, in the traditional AI 
meaning of planning agent. From the point of view of the applicability of 
this model it is immaterial if planning indeed takes place or not, and if 
missions and goals are made explicit; what matters is that an external 
observer can describe the enterprise as (if it were) a planning agent. 

Since the partners that make up the virtual enterprise are also agent-like, in 
the followings we make an attempt to treat a virtual enterprise as an agent, or 
collection of agents, which contribute to tlte virtual enterprise's mission but 
'keep their autonomy'. Since what this autonomy is not defined yet, we placed 
the statement between inverted commas - autonomy being defined later in 
this paper. 
Modeling an enterprise has to consider the function of the enterprise, from its 
mission down to operational level procedures. The level of modeling detail 
should correspond to the level for which tliere are suitable human 
organizational, hardware or software entities that can perfonn each 
elementary activity modeled. The description not only needs to give a static 
picture, the dynamics (e.g. the expected life history) is also to be accmmted 
for. 

The model must also reflect tlte actual structure of the enterprise, including 
its resources (such as human and machine), so that the behavior, reactions 
and operation (i.e. the functions) can be understood in relation to the 
structure. This latter type of relationship becomes an important issue when 
autonomy is considered. 

In the following we concentrate on the modeling of the management and 
control of the virtual enterprise. 

Functionally, enterprise management can be described as carrying out three 
main types of functions (a) managing the products, (b) managing its 
resources, and (c) co-ordinating (a) and (b) (Doumeingts, 1994). Product 
management covers all product-related activities from product planning to 
production planning and related services. Resource management includes 
bunlan, machine, financial and other resources that are needed to perform the 
operations that fulfill the enterprise's mission, and is responsible for 
operational level control. Co-ordination is resolving the conflicts between the 
objectives of (a) and (b) as well as gives tltem direction or mission. These 
functions make up the decisional system of tlte enterprise. 



648 

DODD 
ODDD 
DODD 

~~~ JJDDDDr+--· --

DODD 
-I] DOD 
l ~DDD 
0 DOD 

Figure 1 Interaction in a Traditional Value Chain 

Structurally, enterprise management can be described as a management 
organization, consisting of the agents1 (people and groups of people) who take 
the decisions. The above mentioned relationships among these individuals 
and groups are determined by a) the decisional roles they take and the 
dynamics of tllis system (b) intangible social relationsllips. It is expected that 
at least the tangible relationships are brought to light in the form of a model, 
such that organizational conflicts be apparent and can be designed-out of the 
system. 

In traditional value chains one problem is that links between participating 
agents are limited to the operational or executional levels. This is represented 
in Fig. l. 

3.2 Service level agreements I outsourcing 

One approach that has been adopted by many large organizations is to 
decompose what was once one organization into several autonomous parts. 
This is done through giving increased autonomy for the individual 
components, and choosing a co-operation method (e.g. from 1-3 above). The 
technique is commonly known in today 's management as service level 
agreements and outsourcing (depending on the level of autonomy of the 
components). 

The method is · trying to avoid conflicts by setting out the rules in the 
enterprise design phase and requiring clarification or explicit agreement on 
these rules before any decision is taken. The co-ordination among the 
organizational partners is implemented in a hlerarchlcal manner (method 3}, 
and upper level decisions in the domain of non-autonomous functions are 
observed at lower levels ('level' refers here to strategic, tactical and 
operational). Thls is not to say that information exchange and feedback is not 
preceding such hlerarchical decisions. 

The strategic level interactions define the rules, (or redesign them) and the 
component agents have high autonomy in the design dialogue. The strategic 
level dialogue ends with the definition of autonomy domains and non
autonomy domains. The co-ordination starts on the strategic level, where the 
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domains of autonomous actions are determined for each participant and the 
interfaces for communication and co-operation get defined. This sets then the 
environment for co-operation at all other levels. The tactical and operational 
levels will interact obeying those rules. 

The planning and operational levels are working within this framework, the 
interfaces between participants comply with the settings defined on the 
strategic level. Mechanisms are provided for feedback to the level above, so 
the efficiency of the system can be continuously monitored. Policies (i.e. the 
rules) are set at the strategic level, and they can be modified if the system's 
behavior deviates from normal significantly. The feedback mechanisms can 
be used to modifY the structure of t11e whole framework, adjust interfaces or 
domains of autonomous actions, etc., in order to improve the system's overall 
performance. 

The system is organized in a hierarchical manner, meaning that at any one 
time when a decision is taken the co-ordinating agent (via method 3) can 
determine the contents of the decisional objectives passed down to the lower 
level agent. However, the co-ordinating agent's tactical level does not have 
authority to change the decisional stmcture, so this hierarchical relationship 
(and loss of autonomy) is limited in scope. 

The more the tactical decision frameworks encroach on the lower level's 
autonomy the more the amount of communication between the levels. This 
additional load put on t11e communication system will eventually impact on 
overall system performance. The functional responsiveness of t11e system may 
be slowed down, as the agreements take time to evolve and t11e upper, 
decision making level receives the information through a preliminary filtering 
of the lower ones. 

Designers of virtual enterprises must be able to model the dynamics 
of decision making and the efficiency of responsiveness of the 
different design variants. 

Evaluating this architecture from the enterprise modeling aspect the system 
has the advantage of having a clear, well-organized and easily traceable 
structure. Functions at all levels are distinctly defined, the interfaces are 
handled without ambiguity. As we stated earlier, agents are providing 
solutions that satisfy certain criteria, but are not expected to provide strictly 
optimal solutions. This can lead to performance deficiencies. Each level has 
certain autonomy, but its degree varies at different levels. The higher level 
entity does not have in fact full autonomy, because it has responsibility for the 
lower level, e.g. it must observe constraints that are legitimately (according to 
the rules) submitted as information by the lower level agents. 

The lesson from this analysis is that the protocols which must be set 
up as a part of the design of tl1e enterprise must be suitable for the 
definition of authority and obligation, and responsibility, in a formal 
enou~h manner, so that tile resultin~ set of beliefs, responsibilities, 
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For example, the decision framework set by the higher level restricts the 
lower levels' autonomy. At the same time, if the coupling between the higher 
and lower levels is not close enough, then the limited autonomy of the lower 
levels can result in conflicts, or lack of harmony, between the higher and the 
lower levels' objectives. This distance between the decisional centers can be a 
serious issue, and indicates the need for tighter coupling, albeit curtailing 
lower level's autonomy. In fact, a reasonable balance between tight coupling 
and local autonomy can be easier to establish than tiying to maintain local 
autonomy at all costs and going through several steps of iteration to achieve 
an acceptable outcome. 

3.3 Project enterprise 
Project enterprises are typical fonns of virtual enterprise, used in one-of-a
kind production or other one-of-a trend human endeavors. Project enterprises 
are built on the basis of the knowledge of the life-cycle of the product the 
design and, or building of which is the mission of the enterprise. 

A particular property of project enterprises is that the management stmcture 
is designed and operated before the rest of the enterprise is set up. Therefore 
the project enterprise is self-building in nature. It is not necessarily adaptive 
(the project enterprise is usually built after the pattern of earlier projects used 
as blueprints), because adaptivity assumes that the pattern itself is capable of 
being changed by the enterprise itself in response to changes in the 
envirorunent. 

However, the dynamics of the organization and its adaptability is a 
system property which would be of interest to investjgate by 
designers of project enterprise. 

Unlike in virtual enterprises, which are created by breaking up large 
organjzations into autonomous parts to fonn a better quality value chain, 
virtual project enterprises are assembled according to a unique business 
process tailored to the particular product or service in question. The 
individual entities (partners, or agents) can usually be selected on the basis of 
competencies, geographic location, and other characteristics, including price 
of service or product, strategic alliance possibilities etc. In project enterprises 
often hundreds of participants must be co-ordinated, but the selection of 
potential partners may be quite limited for any particular service and product 
to be made available at the time, in the desired quality and at the desired 
location. In addition, the time pressure on enterprise design decisions is 
usually great, either because it is part of a tendering process with short 
deadlines, or because it is part of the project itself. Structurally, this type of 
brokerage is simple to represent, but protocols should be defined (definable) 
and an ability to create a system of management of resource types is needed. 

For large projects to mn smoothly it is necessary to have a clearly delineated 
responsibility stmcture and protocols are needed to se· up and follow these. 
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design standard interfaces between the respective levels of participants to ease 
the burden of negotiations by project management and make it more 
automated. 
On the strategic level, commitments are sought and obtained with the 
precision of usual planning negotiations. It is necessary to be able to prove of 
any virtual enterprise model that the types of information necessary for 
parallel distributed planning will be available through the decisional 
frameworks passed among the partners. For this to be a viable analysis 
possibility an ontology of distributed parallel planning should be defined and 
be made available for the enterprise mode/ler. 

Similarly the ability of the virtual enterprise to carry out parallel distributed 
scheduling necessitates the definition of information requirements (and 
interfaces through which to supply them). 

Finally, operational level interfaces could be analyzed as for their ability to 
support an enterprise-wide monitoring of state. 

The ontology (i.e. the formal definition) of concepts which must be 
supported by the protocol languages could be derived from studying 
various parallel distributed planning, scheduling and control 
algoritluns. 

4. MODELLING NEEDS 

4.1 Conflicts in the decisional model 

The decisional subsystem of an enterprise implements the goal seeking 
behavior. It is navigating the enterprise within the constraints of the 
environment while trying to pursue an enterprise level goal, and adjust and 
react to any changes in this set-up. An ideal decision making structure would 
work in this framework for the sole benefit of the organization, and would do 
all to find the optimum solution in any situation. In practice, however, finding 
or even defining the optimum can be a too time consuming or sometimes 
impossible task. Therefore, the participating agents are usually not required to 
produce optimum decisions: if the outcome satisfies a set of criteria, it is 
accepted. 

Another, even more important limitation is the possible conflict of interest 
between the decision making system and its components. These factors 
indicate that any decision structure needs to be examined for efficacy and 
conflict of interests. As decision making is performed by a system of 
individuals, the objectives and striving of the human as an individual can not 
be neglected. Decisional roles taken by an individual may be in conflict with 
a) the individual's role in another part of the system, b) with the individual's 
personal aspirations, or c) with the interests of another individual in the same 
organization. The same is true of group interests and aspirations. 
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This can be done in a formal manner, once appropriate tools or 
frameworks are set up for verification of the decisional structure. 

When two or more enterprises are combining their efforts for a common 
project, a new type of conflict emerges: that between the organizational 
structures. The common goal is supposed to be the main driving force for the 
participants (with regards to the joint action), but the interests of individual 
companies may interfere with that of another participant. 

It is necessary to be able to demonstrate that no conflict is present 
between the interest of the virtual enterprise as a whole and that of 
its components, and if conflicts arise, as they eventually do, that 
there is suitable conflict resolution path provided for the virtual 
enterprise to resolve them. 

The harmonization of the mental models and beliefs of the individuals (e.g. 
the assumptions on trust, or what is the 'way things are done here') makes up 
a company culture and precisely by developing and explicitly displaying such 
mental models and beliefs can a company culture be ingrained. When a 
virtual enterprise is set up, partners will have slightly (or extremely) different 
cultures, so the harmonization of the mental models and beliefs to create a 
culture of the virtual enterprise needs special attention. 
In virtual enterprises where participants change and structure is never 
constant, it is necessary to be able to explicitly represent agreements and 
common beliefs that will govern interaction on the lower levels. This is an 
important part of the 'enterprise engineering process'. 

It is expected that autonomy, responsibilities, obligations and beliefs should 
be able to be analyzed from a structural point of view to reveal conflicts 
among decisional roles and conflicts that arise from the way they are assigned 
to org8nizational entities. 
Figure 2 shows an example how the decisional roles can be represented using 
a GRAI Grid. while Figure 3 shows a mapping of organizational entities to 
decisional roles. 
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Figure 2 Decision Roles Represented in GRAI Grid 
4.2 Autonomy 

A virtual enterprise is intended to work for the benefit of its participants, 
while endeavoring to ham10nize the individual interests. This requires the co
operation of autonomous systems in a conflict -prone environment. 
Considering each participant in the virtual enterprise to be an agent, there is a 
need to co-ordinate the autonomous behavior of these agents. Various 
approaches to this problem are: 
1. Agents make decisions in their own environment, detect and try to resolve 

conflicts locally when implementing those decisions; 
2. Agents interact with one another and make decisions in co-operation with 

the others; 
3. A dedicated agent is assigned to representing the interests of the whole 

(virtual) enterprise and co-ordinates the activities and decisions of the 
others. 

Co-operation of autonomous entities always requires careful consideration. In 
optimistic control where only individual goals are pursued in the hope tl1at 
there will be no conflict in most of the cases, the conflicts can become 
unresolvable when they do occur. It is very important to define the domain 
where autonomous decisions should take place, and clearly identify the points 
where ham1onization of individual interests must occur. In other words: 

Autonomy is assumed only in a well-defined domain of functions 
(decisional or operational), and it is limited both in space and in 
time. The models of virtual enterprise thus must take into account 
the need • for explicit conflict resolution, as a type of co-ordination 
activity. 
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Figure 3 Organizational Entities and Decisional Roles 

5 CONCLUSION 

Virtual enterprises are becoming increasingly popular for addressing and 
solving special problems, for organizing common projects or for joint 
production. To understand their operation and suggest efficiency 
improvements, the methods of modeling virtual enterprises were examined in 
the paper. We identifie~ a number of requirements that virtual enterprise 
models need to satisfy. The requirements were based on real-life problem 
cases encountered in the Globeman consortium. In particular, we identified 
• autonomy at all levels 
• comprehensive conflict handling and resolution and 
• agent-like behavior of components 
as key issues. In future, these requirements will have to be translated into 
technical tenns, so that the expressive power of the proposed enterprise 
modeling languages can be evaluated, and necessary adjustments can be 
made. 
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Abstract 
This paper describes the result of an assessment study carried out to analyse the 
use of enterprise modelling in Mexican micro, small, medium, and large 
companies to achieve Enterprise Integration. An assessment tool was developed 
based on a questionnaire on bow Strategic Planning, Technology Planning and 
Technology Integration is performed and what models and methodologies are used 
in Mexican companies. The study bas been undertaken in 32 
manufacturing/services companies. The results of the exploratory exercise where: 
medium companies, on average, are the more integrated enterprises, large 
companies do a lot of strategic planning but they have problems in implementing 
and integrating technology, finally micro-companies are not aware of the need for 
enterprise integration. 

Keywords 
Assessment Tool, Enterprise Integration, Strategic Planning, Teclmology Planning, 
Technology Integration 

1 INTRODUCTION 

New concepts such as enterprise integration and modeling have been recognized to 
be key for the successful aligrunent of strategies and teclmologies within a 
company. However, not all the stages of a complete master plan for the integration 
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C 1997 IF1P. Published by Chapman & Hall 



Mexican manufacturing and service companies 657 

of enterprise are carried out by all companies, because master plans take a lot of 
effort to be developed and long time to be implemented. The objective of this 
research carried out in micro, small and medium, large Mexican manufacturing and 
service companies was to identify how companies are integrating technologies 
accordingly to the company's strategic plans. The study was carried out in 32 
companies belonging to the service and manufacturing sectors. A key issue of the 
research was to analyze what companies are doing to define technological strategic 
plans and what actions are being undertaken to design and implement integrated 
information systems to achieve the defined strategies. Based on these results it was 
possible to recognize the areas of opportunity for the introduction of enterprise 
integration and modeling concepts to formalize the process of implementing 
technological strategies. A program has been defined to support the application of 
enterprise integration concepts in small and medium enterprises (SMEs). 

2. SCOPE OF THE RESEARCH STUDY 

The study was carried out in two neighbouring states in the north part of Mexico 
(Nuevo Leon and Coahuila) in the cities of Monterrey and Saltillo. The study 
included a total of 32 micro, small & medium, and large manufacturing and 
services companies, subdivided accordingly to the number of employees (Table 1). 
The service companies which participated in the study were software, insurance, 
and finance companies. Manufacturing companies were from the plastic, metal
mechanic and automotive sectors. These type of companies were selected because 
they represent sectors of major importance in this region. 

Companies were selected randomly. The subjects interviewed were CIO's and 
Planning Managers in large and medium companies, where this position exists. In 
small and micro companies the subjects interviewed were General Managers, 
Directors or Owners. 

Table 1 Number of Services and Manufacturing Companies interviewed 

Micro companies SMEs Large companies 

1-15 employees 16-250 employees more than 250 

em[!_IOJ!_ees 

Services 7 5 4 

Manufacturing 5 5 6 

TOTAL 12 10 10 
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3 ASSESSMENT TOOL FOR ENTERPRISE INTEGRATION 

The assessment tools was designed as an interview of SS questions based on what 
PERA (Williams 1991) and GERAM methodology (Bemus and Nemes 1994) have 
defined as the underlying methodology for enterprise integration. 

Major challenge in the design of the questionnaire was to map the concepts defined 
in the Life Cycle of an Enterprise (Identification, Concept, Requirements, Design, 
Operation, Decommission) to concepts used by industry such as strategic planning, 
system design, system implementation and operation, etc. Therefore the 
questionnaire was divided in three parts: Strategic Planning, Technology 
Planning, and Technology Integration and Implementation. 

The section related to Strategic Planning aimed to identify general questions 
regarding the identification phase for the preparation of Enterprise Integration 
Plans (e.g. establishment of the initial program, champion identification, getting 
management support, and steering committee definition); it also has questions 
regarding the identification of the enterprise business entity (EBE); and definition 
and documentation of the enterprise strategic plans (e.g. mission, vision and 
company values, objectives, strategies, goals, business plans, critical success 
factors and policies). 

The second part, defined as Technology Planning, was concerned with the 
requirements phase, the identification and building of the enterprise integration 
planning team; general EBE process description; identification of initiatives and 
opportunities; As-Is definition of the hwnan and organisational architecture, 
information systems architecture, and manufacturing and service equipment 
architecture; To-Be definition of the three architectures; development of a 
transition plan; identification of the required standards selection process; 
identification of logical transition path from As-Is to To-Be; development of 
training and education plan; identification of feasible solutions in the fonn of a set 
of enterprise integration projects; and the analysis of costs, benefits and risks for 
the proposed integration program. 

The last part of the questionnaire, defined as Technology Integration and 
Implementation, was related to the design phase which contains the identification 
and analysis of the requirements of the human and organisational architecture, 
infonnation systems architecture, and of the customer product or service 
equipment architecture to attain the To-Be model proposed; the detailed design of 
solutions about the personnel skills development, organisational plaruling, and 
training programs development in the human and organisational architecture; the 
detailed design of solutions about the equipment selection and systems layout in 
the infonnation systems architecture; and the detailed design of the required 
equipment in the customer product or service equipment architectme. The final 
questions were regarding to the implemented vs. planned programmes; final 
evaluation, dissemination and feedback of the master plan; and the creation of 
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continuous education and training plan. There were no questions regarding the 
operation or decommission of technology. 

The questionnaire also included three open questions about methodologies used to: 

• Analyse and describe the business process. 
• Manage and control the integration program. 
• Manage and integrate information systems. 

These open questions were included to find out if there were already in use 
modelling methodologies for Enterprise Integration. 

4 RESULTS OF THE RESEARCH STUDY 

The analysis of the data collected was carried out in three ways: 

1. Obtain percentages to see the tendency of how Enterprise Integration concepts 
are being achieved. 

2. Create polar graphics to detennine the areas of opportunity to introduce 
Enterprise Integration and Modelling. 

3. Determine different methodologies used to manage, design and implement 
Enterprise Integration Programmes. 

In the next subsections discussions of the fmdings are presented. 

4.1 Enterprise Integration Concepts Realization 

Strategic planning is not a common practice in micro companies, as only half of 
them have a certain form of strategic planning. However micro manufacturers are 
more aware of the importance of strategic planning than the services companies. In 
Table 2 the percentage of use of enterprise concepts in manufacturing micro 
companies is larger than in service companies. Small, Medium and Large service 
companies are practising more strategic planning t11an manufacturing enterprises, 
the reason of this is the strong competition tlmt services companies are facing 
nowadays in Mexico. Manufacturing companies are more concentrated in every 
day operation activities. Nevertheless not all SMEs have formalised the use of 
strategic planning, and even if they do have it, due to changes in t11e competitive 
environment they usually ignored it in practice. 
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Table l Enterprise Integration Concepts Realisation 

Micro-services companies 
Micro-manufacturing companies 
Middle-services companies 
Middle-manufacturing 
companies 
Large-services companies 
Large-manufacturing companies 

Strategic Technology 
Planning Planning 

49% 48% 
55% 59% 
92% 92% 
88% 77% 

97% 92% 
89% 87% 

Technology 
Integration and 
Implementation 
29% 
52% 
83% 
82% 

87% 
87% 

Related to technology planning, service micro companies are not interested in 
technology planning. Nevertheless, micro manufacturing firms are worried about 
what technology to use to improve their production and therefore teclmology 
planning is part of their vocabulary, as it represents a major investment. Services 
SMEs are concentrating their efforts to plan what technology is needed to improve 
their services. For Manufacturing, SMEs technology planning is important but 
production realisation is key factor for survival. Usually technology is not planned, 
if there is a need, companies will find the technological resources to fulfil orders. 
In large companies, either services or manufacturing, technology planning is part 
of their activities, however this does not mean that they are actually following a 
fonnal procedure to perform such a task. 

The situation found for the technology integration and implementation, in micro 
companies, especially in tlte service sector, is not important because no special 
technology is needed. However in manufacturing, technology is key to the success 
of the company therefore a lot of effort is spent in integrating technologies and 
creating added value with specialised technologies (e.g. CAD/CAM/CNC, laser 
cutting). SMEs are focusing their teclmologies to create added value for customers 
therefore they are better integrated than large companies. A lot of effort in large 
companies is spend in strategic and teclmology planning. Nevertheless, a lot of the 
plans for the integration and implementation of technology never are realised 
because the organisation stmcture is too complex, and usually there is a lack of 
leadership. Large companies usually start integration programmes supported by 
consulting firms in order to foresee possibilities for integration, hence technology 
based re-engineering is a common practice. 
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4.2 Opportunities for the Introduction of Enterprise Integration and 
Modeling 

Areas of opportunity were analysed using polar graphics (figures 1 and 2). The 
polar graphs describes major phases in the development of Enterprise Integration 
Programmes, for example in Strategic Planning, definitions of mission. vision, 
values, etc.; in Technology Planning, definition of As-Is situation or To-Be 
Situation; and Technology Integration. design and implementation of IT 
architectures, etc. 
The polar graphs represent pikes where major opportunities are identified. The 
more concentrated to the centre of the graph the more companies are complying 
with ideal Enterprise Integration Programs. Important opportunities can be found 
in micro companies, as there is a need for strategic planning due to the absence of a 
fonnal definition of what the enterprise or business is. There is also the necessity 
for technology planning, as the concepts of enterprise integration are unknown. 
Consequently, there is no technology integration due to the lack of planning and 
skills to implement basic technologies. However, in micro companies there is more 
integration in manufacturing companies than services 
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companies due to the fact that there is a need to produce end-products within 
certain quality specification, due dates and costs. 

In SMEs, there are some opportunity areas: in the strategic planning section there 
is a need to reinforce the business definition and its strategic plans, i.e. focus the 
company. Regarding teclmology planning, there are no formal Enterprise 

Integration teams, nor formal teclmiques to perform technological plans. 
Therefore, programmes for training middle managers to develop skills for 
organisational planning, and EI programmes is a major issue. SMEs related to the 
service industry are more focused titan manufacturing SMEs. 

In Large companies the situation is better. Large companies usually uses the 
services of international consulting firms to initiate Enterprise Integration 
programmes. Nevertheless tl1e problems faced by these projects and the lack of 
continuity. Therefore in large companies tl1ere is strategic and technology planning 
but there is no technology integration. Due to the high percentage of failures in 
these programs, large companies are looking for new IT tool (e.g. ERP systems) to 
achieve enterprise integration. 
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3.3 Methodologies to manage Enterprise Integration Programs 

The following sections describe different methodologies used to model business 
process, manage enterprise integration programmes, and manage and integrate 
information systems. 

In micro companies the methodologies to analyse and describe the business 
process are: 

• Flow charts • Process charts 

• Job instructions • Costs analysis 

• Direct observation • Procedure description 

There is no methodology to manage and control integration programs, the 
programs are carried out by engineers who have acquired expertise on the job 
training. In a similar way there is no use of formal methods for managing and 
integrating of information systems. 

In addition to the methodologies, already mentioned used in micro companies, in 
SMEs the methodologies to analyse and describe the business process are: 

• Competitive Oriented Business Plan 
• Pragmatic Hermeneutics 
• Elements creation and pattems generation 

The methodologies used to manage and control the integration program are the 
creation of Task Forces with the more experienced personal using company 
·specific methods. 
The methodologies found to manage and integrate infonnation systems are: 

• Object oriented 
• Out sourcing 
• One Page Management 

Methodologies used in large companies to analyse and describe the business 
process are (in addition to the one mentioned previously) : 

• SADT • One Page System 

• Relations diagrams • Boston Consulting Group 

• Anderson Consulting Group • Solution Development Design 

The methodologies used by Task Forces to manage and control the integration 
program are: 
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• Pilot Studies • MicroSoft Framework 

• Priority Based Programs • Boston Consulting Group 

• Anderson Consulting Group • One Page System 

The methodologies to manage and integrate information systems are: 

• MicroSoft Framework 
• Solution Development Design 
• SAP 
• Client-servers Architectures 
• JDEdwards 

From these results. we can conclude that there are no formal methods in micro 
companies to analyze process. Even more, our research revealed that in micro 
companies there are no written procedures or standards. Common methods among 
all companies are the ones used to analyze processes such as: flow charts, job 
instructions and process charts. The practice of using Task Forces in SMEs and 
Large companies for tackling integration problems is widely used. Companies who 
can afford integrated solutions are buying them from vendors for example SAP and 
JDEdwards. 

5 CONCLUSIONS 

There are a lot of opportunities to formalize the use of Enterprise Integration 
concepts in Mexican Companies, especially in Micro, Small and Medium 
Enterprises. These companies are an interesting target for programs in this field. 
Nowadays the issue of global markets and Mexican economic grown is pushing 
these firms to accept new concepts to improve their competitiveness. A program 
named IMMPAC (Acronym in Spanish for Integration and Modernization of 
Micro, Small and Medium Enterprises to Achieve Competitiveness) has been 
created to introduce the concept of Enterprise Modeling and Integration in Micro 
and SMEs. This project integrates training and Consultancy programs to support 
enterprise engineering projects. 
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Abstract 
Frequent plant lay-out and process automation changes is becoming more and 
more critical for production efficiency and reliability in companies with self 
developed or induced product design changes. 
The paper presents VIRSIM (VIrtual reality and SIMulation), a methodology 
supporting the complete reengineering process based on GIM (GRAI Integrated 
Methodology) and IBM (Integrated Enterprise Modeling), and the associated 
software tool consisting of five subsystems, some of them commercial available 
low cost software packages. Potential interested industries are automotive 
components-makers and those with large production engineering departments in 
general. 

Keywords 
Virtual reality simulation, layout optimization, GIM, IEM. 

I. INTRODUCTION 

A yearly layout change? The continuous evolution of business oblige the 
manufacturing companies to re-engineer processes and to move machines to 
optimize the flow of products through the workshops: these tasks oblige to re
design, to implement solutions to train people. These changes are performed 
generally in a very short time, using some periods in which the company 
decreases its business (usually summer in Europe). 

A methodology for re-engineering factories and an integrated software system 
supporting the enterprise modeling and design for both the physical process and 
the organizational aspects at the conceptual level, that represents in virtual reality 
physical systems and that simulates correspondent management processes (order 
processing, planning, scheduling, dispatching, etc.), giving also practical output 
design issues such detailed drawings, MTM data, specifications, for automation 
etc. is going to be decisive in interactive design and Virtual Reality trial and error 
and training, thus saving more than 70% of the lead-time needed in the complete 
process from idea to implementation. Another critical point is that will appear a 
remaining time immediately useful in two critical aspects: concentrating in 
preventive actions to avoid delicate adjustments in the machines with the move, 
and also in designing very well fitted man/machine interfaces strategy. 
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2. THE VIRSIM METHODOLOGY 

The VIRSIM Methodology combines the strengths of the GRAI approach 
(Doumeingts 84, Zanettin 94) and IEM (Mertins, 92). It uses the GRAI approach 
for the modeling and design of the decisional part of manufacturing systems and 
IEM for the modeling and design of the physical system. Before giving the main 
principles of the VIR.SIM methodology, we describe briefly the key concepts of the 
GRA T approach and IEM. 

2.1. The GRAI Approach 

Four different formalisms are used in the modeling of manufacturing systems with 
the GRAI approach: (GRAI grids and nets, IDEFO and Entity/Relationship 
diagrams). However, in order to simplify the presentation, we will focus solely on 
the decisional system and its representation through the GRAJ grid. The grid has 
a matrix fonn which is used to detail temporal and functional aspects of the 
decisional system. as shown in Figure 1. 
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P• 

H• 
P• 

R• 
p .. 

In rorm•tloo 
lhlkl 

Dtclslonal 
lhlkS 
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Ff(urt 1: GRAI &fid.s formalism. 
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The following components can be identified in the grid: 

Internal 
Inform-ation 
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• the functions, describing the set of decision activities that are perfonned in 
order to achieve a particular goal. In Figure I we show the three basic 
functions of manufacturing systems: Managing Products, Production 
Planning and Managing Resources. 

• the decisional levels, defined in tenns of Horizon/Period pairs. The Horizon 
corresponds to an interval, on which a decision is valid, while the Period 
corresponds to a time interval when the decisions established in the Horizon 

. are reconsidered. 
• the decision centers, represented in the slots of the grid, group together all 

the activities belonging to the same function and the same decision level. 
• the information links, detennining the infonnation flow from one decision 

center to another. 
• the decisional/inks, detennining the infonnation items which is necessary for 

a decision to be taken. 
• the external information, representing external data which serves as an 

interface between the system studied and its environment. The internal 
information, in contrast, represents the data that is created within the 
manufacturing system. 

The grid, as well as the other GRAI fonnalisms, are used in the first phase of 
the GRAI approach (the modeling phase) to model the existing manufacturing 
system, giving an emphasis on the decisional subsystem. The two subsequent 
phases of the approach are: the inconsistency search phase, whose main objective 
is to detect weak points in the system studied; and the design phase, where the 
design of the new manufacturing system is elaborated based on the results of the 
previous phase. 

Throughout a GRAJ study', several groups of people are fonned. Among them, 
two have a very important role: 

• the synthesis group, composed of managers and other members of staff who 
are responsible for the manufacturing functions considered. The synthesis 
group is in charge of validating the results obtained in the different phases of 
a GRAI study. 

• the analysis group, composed of one or more analysts (according to the work 
load), and one GRAI specialist. The role of the analysis group is to collect 
the relevant infonnation for the study, to analyze it and to propose solutions 
for the problems detected. 

2.2. The IEM methodology 

In order to provide a comprehensive and extendible enterprise model, the IEM 
method uses the object-oriented modeling approach, thus allowing the integration 
of different views on an enterprise in one consistent model as well as the easy 
adaptation of the model to changes within the enterprise. 
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Generic classes of objects 
The generic classes 'Product', 'Resource' and 'Order' are the basis of Integrated 
Enterprise Modeling for developing models from a user's point of view. They will 
be specified according to the specifications of an individual enterprise. Each 
generic class prescribes a specific generic attribute structure, thus defining a 
frame for describing the structure and behavior of objects of its subclasses. Real 
enterprise objects will be modeled as objects of these subclasses. 
Required enterprise data and the business processes, i.e. the tasks referring to 
objects, be structured in accordance with the object classes. Furthermore, the 
relations between objects are determined. The result is a complete description of 
tasks. business processes, enterprise data, production equipment and information 
systems of the enterprise at any level of detail. 
The model core comprises two main views. The tasks, which are to be executed 
on objects, and the business processes are the focal point of the Process Model 
View, whereas the Infonnation Model View primarily regards the objects 
describing data. Therefore, the core of the enterprise model consists of the data 
and process representation of classes of objects. The views are interlinked by 
referring to the same objects and activities, although they represent them in 
different ways, levels of detail and context. Any view on the model can be derived 
from this standardized model core. Additional features may be attaches to the 
core if necessary. 

Business Processes as Interactions of Objects 

Everything that happens in a manufacturing enterprise as part of the 
manufacturing process can be described by activities. In general, activities 
process and modify objects which were classified above as 'Products', 'Orders' and 
'Resources'. The execution of any activity requires direct or indirect planning and 
scheduling. It is executed by resources which posses the required capacities. The 
IEM method suggests three levels when describing the essentials of an activity. 
• The Action is an object-independent description of any task or business, a verbal 

description of some task, process step or procedure. 
• The Function describes the processing of objects as a transformation from one 

determined (beginning) state to another determined (ending) state. 
• The Activity specifies the order, which controls the execution of the function, 

and the resource(s), which is (are) in charge of executing the function. 

Figure 2 graphically represents the Generic Activity Model. The beginning and 
ending states are connected with the action rectangle by arrows from left to right. 
The controlling of the activity is represented by an order state description and a 
dashed vertical arrow from the top; the required or actually assigned capability for 
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executing the function is represented by a resource state description and a dashed 
vertical arrow from the bottom. 

1A GRAJ study is the tenn used to refer to a complete enterprise modeling case using the ORAl approach. 
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Figure 2: Interactions of Objects Described by the Generic Activity Model. 

The Generic Activity Model represents the processing of objects of the product, 
order or resource class respectively indicating the interactions of objects while 
processing. The related organizational stmcture is described by specific resource 
classes along with their interrelations. 

Using special linking constmcts, actions, functions and activities are combined 
to represent business processes. The decomposition and aggregation of processes 
is also supported. 

VIRSIM main principles 
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Unlike the GRAI approach and IBM, the VIRSIM methodology intends to support 
the process of plants reengineering beginning from enterprise modeling and 
finishing with the implementation of the new optimized plant. 

For enterprise modeling, VIRSIM uses the formalisms of IBM (the Process 
Model using the Generic Activity Model) for representing the physical system and 
the formalisms of the GRAI approach (GRAI grids and nets) to model the 
decisional system. IBM and the GRAI approach are integrated trough the 
concepts of 'Product' and 'Resource'. As we can see in the grid in Figure 1, the 
two functions 'Managing Products' and 'Managing Resources' use as subject the 
objects derived or instanciated from the IBM generic classes 'Product' and 
'Resources'. 

The different steps of the VIRSIM methodology approach are given below: 

1. Model the existing physical system using IEM fomialisms (Process Model) 
2. Model the existing decisional system (driving the physical system) using the 

GRAI formalisms (GRAI grids and nets) 
3. Evaluate and optimize the models by determining the weak points and by 

correcting them 
4. Use the optimized physical system model to generate a rough layout of the 

future plant and transmit it to a CAD system 
5. Enhance the rough layout using the CAD system and transmit it to a 

simulator 
6. Simulate global logistics and get the logistic optimum model and the transfer 

lot 
7. Automatically adjust the CAD layout 
8. Design and simulate cell and work-place systems by means of Virtual 

Reality and obtain MTM optimum processes 
9. Perform the 6 and 8 steps until proper results are obtained 
10. Automation and man/machine interfacing 
11. Perform step 7 
12. Adapt the initial models if necessary 

To do this last issue, it is necessary to characterize the physical layout, and this is 
done in tens of two items extracted from the logistic simulator (see Figure 3, 
system 5): 

• Production strategy: MTS (Manufacturing to stock), ATO (assemble to 
order), MTO (manufacturing to order) 

• Related main and auxiliary lines: 

The main line is synchronized, time buffered inventory, contains the process 
technology, and sets the manufacturing lead-times. Main line ( differentiation on 
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product inventory, quality, flexibility and service, auxiliary lines (machines and 
subcontractors) are just opposite decoupled systems. 

3. THE VIRSIM TOOL 

In order to support the VIRSIM methodology, a software tool is being developed. 
The architecture of this tool is given in Figure 3. It is composed of five subsystems 
and six interfaces between these subsystems. 

Figure 3: The architecn1re of the VIRSIM tool. 

System 1: 
Function: 

Integrated VIRSIM graphical editors. 
Enterprise Modeling 

135 

System 2: Static Evaluation, Consistency Checking and Diagnostic of the S:ME 
system 

Function: 

System 3: 

Static evaluation of the physical system model against selected criteria 
(rough costs and lead-time). Consistency Checking of the models (at 
tile syntactical level). Rule-based diagnostic of the S:ME system 
(semantic check). 
2D/3D low cost standard CAD. 
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Function: 
System 4: 
Function: 

System 5.
Function: 

I/0 layout dimensions 
Low cost Virtual Reality (VR) software. 
Solid representation of Icons . 

Workplace ergonomics and interference's. 
Simulation software. 
Material handling optimization, queuing and line balancing. 

The interfaces description is given below: 

a) Interface 134 
Use of the layout obtained through CAD as the background of the simulator. 
The figures (dimensions) drawn in CAD are integrated in the mathematics of 
the simulator. 

b) Interface I3s 

Double clicking on a particular area or system either of the CAD drawing or the 
simulator will allow zooming a 3D solid representation in the VR system. 
The 2D dimensions displayed in the CAD system or the ones optimized by the 
simulator (i.e.: buffer sizing) can be used as restrictions to build the 3D solid 
model of the VR system. 
3D dimensions from the VR are imported to automatically build up a CAD 3D 
drawing. 

c) Interface L.s 
Double clicking on the simulator allows zooming a 3D solid representation in the 
VRsystem. 
2D dimensions of the layout displayed on the simulator can be used as restrictions 
to build the 3D solid model of the VR system. 
Coherence between cycle times deduced from the simulator and the workplace 
MTM analysis obtained by the VR system. 

d) Interface I13 

The model of the physical system obtained using the editors (System 1) and the 
VIRSIM methodology is used as input by the CAD system (system 3). Using the 
data contained in this model, the interface generates automatically a rough 
drawing. 

e) Interface l25 
Through this interface, the mle-based diagnostic system will analyze the results of 
the simulation and will present the results to the user. In addition, the simulation 
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tools will receive specific constraints from the diagnostic module (to focus the 
simulation on a particular area, for instance, to point out bottlenecks). 

f) Interface Its 
The results of the simulation will lead, if they are not satisfactory, to the 
modification of the physical model, the whole process will have to be repeated. 

4. CONCLUSIONS 

We have presented in this paper the main principles of a new methodology 
dedicated to complete frequent factory re-engineering. In addition, we described 
the associated software tool, giving the details of its different modules and 
interfaces. 
The VIRSIM methodology and its supporting tool are presently under 
development by the R&D Department of DATALDE SISTEPLANT, S.A. in 
consortium with the LAP/GRAI, the division of Systems Planning of the 
Fraunhofer IPK Berlin, INTEGRAl and several leading car components-makers 
in Spain. 
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Abstract 
The Mechanical Engineering Department at Orangeburg-Calhoun Technical 
College has begun using the World Wide Web as an information source to 
supplement information presented to students. This instruction is currently being 
done in three ways. First, students are required to use at least three documents 
from the web when writing research papers for Mechanical Engineering 
Technology courses. Second, instructors research the web for examples that may 
be more current than examples given in the text. The URL's of these examples are 
then given to the students and homework assignments based on these examples are 
assigned. Third, students are expected to use the Internet to prepare parts lists and 
to find information about manufacturing companies. At the end of the first year of 
exposure to the World Wide Web, graduates are experiencing unusual rewards for 
their work. 

Keywords 
World Wide Web, Internet, URL 

1. INTRODUCTION 

With today's ever tightening educational budgets from local, state and federal 
governments, it is essential that colleges and universities reduce their operating 
expenses. One area where costs are skyrocketing is resource materials that must 
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keep pace with ever changing technology. In many cases, students are forced to 
use material that may be as much as twenty to thirty years out of date as colleges 
can no longer afford to replenish resource materials. There is one very practical 
way that is used here at Orangeburg-Calhoun Technical College (OCTC) to 
combat the high cost of resource materials - the Internet. OCTC has had access for 
nearly two years and is the only two year college in the state that presently offers 
more than one accredited course in the use of the Internet. For students in the 
Mechanical Engineering Technology (MET) department a workshop on the use of 
the Internet is mandatory. 

2. CLASSROOM PROCEDURES 

Student Indoctrination 

Many students who come to OCTC do not have any prior experience with using 
the Internet so they may not be able to use the net immediately. This presents no 
problems to any student entering the college, as OCTC is the first and presently the 
only two year institution in South Carolina offering more than one course for credit 
to teach the student how to function on the web. These courses are 1ST 225, 1ST 
226, 1ST 227 and 1ST 228. 1ST 225 is the introductory course and offers topics 
associated with the Internet and Internet communications such as techniques on 
how to access various types of information, how to find resources and how to 
navigate the Internet. The course also introduces the students to E-mail and how 
they may set up their own web page. Presently, there is no account available for 
either student E-mail or web sites. Due to resource limitations, the college is 
unable to provide accounts for students. 1ST 225 is offered as an elective to all 
students and the response is so great that it is usually filled by the end of the first 
week of pre-registration (Hulsey, 1996). Also, students who take all four courses 
are finding employment as Web Masters earning as much as forty dollars per hour 
in the Orangeburg area. Students in the MET department are offered 1ST 225 as 
an elective but they are also required to attend a three hour workshop taught by the 
department head on using the Internet. This workshop is mandatory for MET 
seniors, but students from other curriculums are welcome to attend. It is offered 
several times a semester for student convenience. It teaches students how to access 
the web, open files if the URL is known and to use search engines, primarily, 
Excite, Savvy Search, Yahoo and HotBot. Once the students have attended the 
workshop, they are then given assignments to complete using the web. 

Student Assignments 

Student assignments are usually broken down into three broad categories. The first 
category involves the professor finding a suitable web page or article beforehand 
and giving the URL to the students and requiring that a report be written on the 
article. The next category is the old fashion research paper, and the final is for 
students to research the net for information concerning manufacturers. These 
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assignments are usually given in the order listed to facilitate the students 
development as they learn to navigate the web. 

An example of the first category is that during the first week of MET 222, 
(Thermodynamics), one class discussion centers on temperature, the different 
temperature scales used, history of temperature measurement, absolute temperature 
and the effects of temperature on some environment. The students are given the 
following URL: 

http://www.unidata.ucar.edu/staff/blynds/tmp.html 
This address opens an excellent article about temperature and the students write a 
five hundred word summary on the article complete with keywords and abstract. 
The purpose of this assignment is three fold. It gives the students an opportunity to 
open a website using a known URL, refresh skills learned in the English and 
Technical Writing courses and to learn something about temperature. 

As everyone knows, students everywhere love writing research papers. MET 
students are given a topic, length the paper must be in number of words or number 
of page., the number of resources to be cited and are asked to write a paper. 
Presently, at least half of the required number of resources must come from the 
Internet. The students use a search engine(s) to find materials related to the topic 
and are allowed to print one copy for their personal use in completing the paper. 
This is permitted along the same grounds that a student is allowed to make one 
copy of reference material for their personal use when using material that is closely 
guarded in the campus library. MET 231, (Machine Design), students are given 
the topic 'Engineering Ethics' and are expected to COIJ1plete a fifteen hundred word 
research paper with a minimum of four references. Students usually find more 
than the required four references for this topic on the net and often use only these 
without going to the campus library for additional resources which gives rise to an 
issue that may need future discussion: Should students be allowed to find all the 
required resources on the web or should they be required to fmd some from 
traditional places such as the campus library? The MET department head has no 
problem with students using the web exclusively. The belief is that students will 
benefit more from using the Internet because the Internet is being used more often 
in places of employment. In addition, it is a concentrated source of information 
and does not require travel time to other facilities for research purposes. Although, 
not every instructor agrees with this view point, the MET department believes it is 
a valid one. 

Finally students are required to use the Internet to find information about 
different manufacturing companies that have sites on the web. In MET 224 
(Hydraulics and Pneumatics), the students are required to develop a list of vendors 
for a particular hydraulic or pneumatic equipment. This is not a new assignment as 
students have always been required to develop a vendor list from materials in the 
campus library such as the Thomas Registry. One particular aspect of this 
assignment is that there can be no repeat vendors in the class, which not only 
forces the students to use the web but also forces them to communicate with each 
other. In another assignment used in PHY 201 (Physics), students are given an 
engine's RPM, transmission gear ratio, differential gear ratio and tire 



680 

specifications, i.e., LT265175Rl6. The students then go to the Internet, search for 
a tire company page and find the tire diameter based on the specification. With 
this information, the student should be able to calculate the speed of the 
automobile in miles per hour. A future enhancement of this assignment may be to 
give the student the make of a particular vehicle, i.e., Ford Mustang GT along with 
the engine RPM and have them find all the information about the vehicle including 
gear ratios and tire specifications before calculating the speed of the automobile. 

This final category of assignment is probably the most beneficial to the student. 
Once students leave OCTC and begin working, they often find themselves in 
positions where they must purchase supplies, equipment or gather information 
about a customer or even a competitor. If the students already have a background 
in using the Internet to search for such materials, this portion of their job will be 
easier. 

3. INSTRUCTOR PREPARATION 

Professors and instructors typically spend more time preparing for classes than 
they do actually teaching the class. This is true even if they teach the same course 
more than once per semester. The internet offers a distinct advantage for 
instructors that may considerably reduce preparation time. Many colleges and 
universities have home pages on the web and many departments within those 
institutions have a web page. Orangeburg-Calhoun Technical College may be 
visited at: http://www.octech.org. The URL of most colleges can be found at: 
http://www.mit.edu:8001/people/cdemello/univ.html. 

Information posted on these pages may contain courses required for completion 
of the program and many times contain course outlines and syllabi as well. This 
readily accessible information allows an instructor to review many different ways 
of administering any given course and possibly select methods that may be better 
than the method previously used. 

Also, laboratory experiments can be very expensive and often require extensive 
equipment which many colleges can no longer afford. Therefore, instructors at 
OCTC are currently searching the net to find alternative methods of providing labs. 
For example, early in MET 222 the perfect gas laws are taught. The instructor 
found very inexpensive methods of providing laboratory experiments to prove both 
Charles and Boyle's laws at: 
http://www.gp.k12.mi.us:80/main/schools/high/gpn/science/exp/exp.htm. These 
experiments were adopted for the laboratory sections of the class. 

4. DOCUMENTATION OF RESOURCES 

The faculty and administration at OCTC consider all material on the web to be 
copyrighted unless the material states otherwise. Therefore, all material taken 
from the Internet, either by student or professor, 
must be properly documented. The MET department at OCTC currently uses the 
following method (Perrin): 
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Author's name (if known), the full title of the article in quotations, the title of the 
complete work, if applicable, in italics, the date of the visit, and the complete URL. 

EXAMPLE: Beverly T. Lynds, "About Temperature," Oct. IO, I996, 
http://www.unidata.ucar.edu/staff/blynds/tmp.html. 

5. CONCLUSIONS 

The MET department has been requiring students to learn to use the Internet for 
two years and has had some very positive results. Students enjoy 'surfing the net' 
much more so than going to the campus library and have even used the web as a 
resource in classes where using the web is not required. One non-engineering 
class MET students are required to take is (HSS I 0 I), Introduction to Humanities. 
Students in this course are required to write several papers based on cultural events 
and have started using the net to find information. Students have also found that 
the web can be used as a source to search for prospective employers in other areas 
of the country or world. The MET department considers the students' enthusiasm 
and quickly acquired expertise as a success in the program of using the web as a 
learning resource. Also, two very unique successes of the program have arisen. 
First, one graduating senior was selected over several four year graduates because 
the student could assemble parts and vendor list rather easily from the web. The 
other graduate is now managing a farm and is using the Internet to monitor the 
commodity market and weather in order to make more informed decisions on what 
and when to plant, when to harvest crops and when to buy and sell livestock. 

The MET department is planning to expand the use of the Internet in the 
classroom. The MET home page is expected to be on-line by the I997 fall 
semester and will be used as an aid in recruitment of students. Another plan for 
next year is to post tests on the MET page and have students complete them co
operatively. The students would then E-mail the results back to the professor for 
grading which will allow more time for class room and lab instruction .. 
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Abstract 
There is a new reality in manufacturing today which calls for a global focus. This 
focus is upon what may be identified as a virtual manufacturing environment. The 
driving forces behind the virtual manufacturing environment are: a global economic 
system, a need for products with the most modem features, a lean and agile delivery 
system, and the highest quality. This new reality has placed great pressure upon the 
existing workforce. The need for new or innovative approaches to retrain workers 
that are in place must be identified. The methodology behind training for the virtual 
manufacturing environment must be developed. 

We must examine the need for training in team work within the quality organization 
and training-the-trainer efforts to support and sustain organizational change. This 
paper is concerned with how training content can be structured and how Distance 
Learning technology can be used to establish a Learning Organization. The paper 
deals with the creation of a Learning Organization, whose purpose is to promote and 
sustain continuous learning through the use of computer based technology. 

1. UPDATING THE WORK FORCE 

Over the past three decades, U.S. workers with above average education and skills 
generally have adjusted better to changes in the economy then the less skilled and 
educated individual in the workforce. The country has had to confront chronic 
problems with economically and educationally disadvantaged workers. The structure 
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of the modem manufacturing economy, based upon rapid technological change, adds 
new urgency to identifying effective workforce development training and educational 
approaches. 

Perhaps the greatest challenge confronting the workforce today is the declining 
demand for low skilled workers. More than half of the new employment in the past 
few years has been in higher paying occupations; only about one fourth of new jobs 
have been in the low wage category. Most new jobs are concentrated in the 
managerial, professional, and technical fields, which now comprise over 30 percent 
of all jobs in the United States. Rapid technological developments, especially in 
communications and information processing, define many of the skills in demand. 
In this job market, educated workers with high skills are seeing their earnings 
increase, but those with less education and fewer skills are experiencing stagnant and 
even declining real wages. 

With the advent of the new reality of a global manufacturing environment, one which 
puts the U.S. worker in direct skill competition with the workforce of other nations, 
we must look to new approaches for the education and training of our workers. In 
particular the low skilled or educationally deficient worker. Methodologies that will 
deliver quality training programs in the most timely way are needed. Educational 
technology that allows for the delivery of efficient and effective instruction is 
necessary if we are to serve our existing workforce. 

2. THE LEARNING ORGANIZATION 

What is needed today is a total and comprehensive orientation to training and 
education, both on and off the job, in order to capitalize upon the human resource 
potential available to the labor market. One such approach is what James DeVito 
calls the "Learning Organization." DeVito has stated that "the learning organization 
is a relatively new concept that has had a profound effect on how we think about 
organizational life." He further indicates that "the learning organization concept 
challenges a company to use knowledge as a basis for its competitive strategy and to 
see organizational learning as the bedrock for its ability to be truly global."1 

Dave Gravin defines the learning organization as: 

an organization skilled at creating, acquiring, and transferring knowledge, 
and 

at modifying its behavior to reflect new knowledge and insights. 

1 DeVito, J.D. "The Learning Organization", The ASTD Training & Development 
Handbook, 1996. 
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The learning organizations are skilled at five main activities: systematic 
problem solving, experimentation with new approaches, learning from the 
experiences and best practices of others, and transferring knowledge quickly and 
efficiently throughout the organization. By creating systems and processes that 
support these activities and integrate them into the fabric of daily operations, 
companies can manage their learning more effectively.2 

One of the main challenges to the establishment of such an organization within any 
company is to invision the structure of the educational system which is needed to 
delivery such an environment. Both DeVito and Gravin advocate the total integration 
of the education/training activity with the business function of the organization. 
Naturally, the basis of such an undertaking becomes "knowledge". Knowledge 
becomes the product and process of our attention. How to structure and deliver 
knowledge upon demand, instantaneously throughout an organization, is key to the 
establishment of a Learning Organization. Such a paradigm is offered in figure I. 

KNOWLEDGE 

l 
LIVE CLASSROOM ......... ALTERNATIVE DELIVERY ......... EPSS 

Just-In-Case Training Point-of-Need Training Just-in-
Time Support 

Figure 1 Education Support System 

As figure I suggests, a learning organization requires parallel educational processes 
that can support and react to delivering knowledge at the time a Ieamer needs 
information. The more traditional Just-in-Case training occurs through the traditional 
institutional channels, courses and educational degree programs, based upon the 
anticipation of knowledge and upon our past experience of need. The Point-of- Need 
training has been recognized as accessing satellite broadcast, playing video discs, or 
other self directed learning, delivered closer to the time of need by the Ieamer. In
plant workshops, seminars, and conferences or common training methods are utilized 

2 Garvin, D., "Building a Learning Organization", Harvard Business Review, July-August, 
1993. 
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for this type of education. Electronic Perfonnance Support Systems (EPSS) provides 
just enough knowledge, Just-In-Time, for the immediate need of the learner. EPSS 
is a set of tools that aids the learner in accessing the knowledge and supporting its 
application in an immediate task. Our need is to integrate these three very different 
types of educational processes into a total approach. This approach must complement 
all three processes without interfering with the delivery of any one. 

3. AN INSTRUCTIONAL APPROACH: INTERACTIVE MULTIMEDIA 

The task to deliver knowledge "on demand" in an effective and efficiently way has 
been greatly aided by the advent of computer aide instruction (CAl). CAl has been 
in existence for some time within the public educational system, but has not been fully 
explored by industry as a means of training. What is unique about Interactive 
Multimedia (IM) is its marriage of computer based training (CBT) and audiovisual 
(A V) technology, which results in a powerful and flexible delivery method. IM is 
designed to integrate text, graphics, animation, audio, motion video, and computers 
so that content can be delivered to the learner in any of the three educational processes 
above described. Because the knowledge is computer based, learners can interact 
with it and go through content in a sequence and depth that meets their particular 
needs. And because IM systems are designed for the micro or personal computers, 
IM training programs can be used at any point and any time within the organization. 

The advantages of IM technology is sighted by Howell and Silvey3 as: 

1. Meets the individual needs of many learners, accommodating users at all 
levels of 

expertise. 

2. Lets each user work at the pace that best suits him or her. 

3. Offers the best presentation for different subjects. 

4. Reverses the traditional student-teacher ratio, bringing many teachers or 
experts 

to the individual student. 

5. Provides "creative" learning experiences that give each student a continuing 
functional reason to learn. 

3 Howell, J.J., Silvey, L.O., "Interactive Multimedia Training Systems", The ASTD 
Training & Development Handbook, 1996. 
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6. Can be designed to encourage learners to explore a topic rather than simply 
seek a single right answer. 

7. Allows learners at different levels to bring their own expertise and creative 
capabilities into the learning process. 

8. Can create a "virtual classroom" wherever a microcomputer or workstation 
can be placed. 

9. Permits small groups of two or three learners to engage in team problem 
solving 

activities. 

I 0. Can function as an in class electronic performance support system, 
containing 

the information, guidance, and tools needed to complete complex activities. 

IM educational technology can be imbedded within the firm's computer network, 
thereby integrating the training activity into the job itself at the point of need. Small 
units can be delivered the moment the content is needed on the job and at the 
workstation. In this way, training and job function are considered one in the same by 
the trainee. IM can move the training activity beyond teaching and into the realm of 
direct work performance. This is particularly important given that the global 
economy is moving from an orientation on production towards emphasizing the 
converting of information to knowledge. 

The traditional approaches to training, with its dependence on classroom presentation, 
becomes too restrictive in the learning organization. The manufacturing organization 
today presents workers with a challenge to continuously be innovative in the process 
of solving problems. There are few "right" answers that the worker can depend upon 
to be so stable that they would never change. This calls for a continuous learning 
process, with a continuous training process in place for support, to be the goal of 
training methodology. Within this training system the worker/learner must be in 
control of the learning process directly, able to analyze the problems at hand, and 
arrive at reasonable solutions in a systematic way. This, then, becomes the training 
goal of the learning organization. The learning organization must put in place 
processes and systems that make it essentially a teaching concern. IM technology 
delivers the "means" of accomplishing this goal. 

4. INSTRUCTIONAL INFORMATION AND RESOURCES 
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The need for firms to obtain the most current information on how to establish a 
learning organization is crucial. Such information is available in many sources. 

Possibly the most up to date information on training and the learning organization 
would come from the research journals. Several are listed below. 

Adult Education Quarterly, American Association for Adult and Continuing 
Education 
Educational Technology, Educational Technology, Inc. 
Group & Organizational Management, Sage Periodicals Press 
Human Resource Development Quarterly, American Society for Training and 
Development 
Performance and Instruction, International Society for Performance Improvement 

Several more specific IM directed journals are listed below. 

Microcomputer Trainer, System Literacy, Inc. 
Training, Lakewood Publications 
Training and Development, American Society for Training and Development 
Workforce Training News: The Newsmagazine for Employee Learning and 
Development, 

Enterprise Communication, Inc. 

Additionally, professional associations are vital in obtaining the necessary information 
and direction when implementing the learning organization through IM. Several 
helpful associations are: 

American Society for Training and Development 
1640 King Street, Box 1443 
Alexandria, VA 22323 

American Vocational Association 
1410 King Street 
Alexandria, VA 22314 

Association for Business Simulations and Experiential Learning 
Center for Business Simulations 
Georgia Southern College 
Statesboror, GA 30460-8127 
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Association for Supervision and Curriculum Development 
1250 North Pitt Street 
Alexandria, VA 22314 

Instructional Systems Association 
P.O. Box 1196 
Sunset Beach, CA 90742-1196 

Organization Development Institute 
11234 Walnut Ridge Road 
Chesterland, OH 44026 

Organization Development Network 
P.O. Box 69329 
Portland, OR 97201 

Society for Applied Learning Technology 
50 Culpepper Street 
Warrenton, VA 22186 

The Internet, with over 22,000 computer and computer networks, represents the prime 
source for help in establishing a IM based learning organization. The many listservs 
available on the Internet would be a logical starting point for information. A few 
would be: 

AEE-LIST@PUCC.PRINCETON .EDU 
AL TLEARN@SJUVM.STJOHNS.EDU 
ASAT-EVA@UNLVM.UNL.EDU 
DISRES-L@RYERSON.BITNET 
HRD-L@MIZZOUI.MISSOURI.EDU 
TRDEV -L@PSUVM.PSU.EDU 
list) 

(Experiential education list) 
(Alternative approaches to learning) 
(Distance education evaluation group) 
(Distance education research list) 
(Human resource development group) 
(Training and development discussions 

Another source on the NET would be news groups. The following news groups 
would have vital information, helpful in the establishment of a training program. 

AL T.EDUCA TION.DISTANCE 
BIT.LISTSERV.ERL-L 
BIT.LISTSERV.QUALITY 

(Learning over networks) 
(Educational technology list) 
(Total Quality Management in 
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Manufacturing and Service) 
MISC.EDUCA TION.MUL TIMEDIA 
COMP.GROUPWARE.LOTUS-NOTES.MISC 
processes) 

5. CONCLUSION 

(Multimedia discussions) 
(Improving group work 

If we are to develop educational methodologies that are focused upon today's training 
needs, than we must look at the environment within which training occurs. We must 
realize that the manufacturing environment must be seen as a learning environment. 
This learning environment must be supported by a learning organization, whose 
purpose is to promote and advance the individual's educational efforts at 
understanding and using knowledge on an "as needed" basis. The Interactive 
Multimedia technology systems available today are both efficient and effective at 
providing the means to delivering this type of learning organization. There is 
sufficient information, resources, and technology available to us to accomplish this 
goal. 
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Abstract 
This paper presents a comparison of what manufacturing engineering programs are 
teaching and what industry expects manufacturing engineers to know, as presented 
by the CASA/SME Manufacturing Enterprise Wheel. This comparison suggests 
that manufacturing engineering programs should encompass a broader scope of 
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engineering. technology, and management, and work to integrate content and 
projects across the curriculum. 

Keywords 
Manufacturing engineering. manufacturing education, manufacturing curriculum, 
and manufacturing enterprise wheel. 

1 INTRODUCTION 

The emergence of new technology during the past decade has revolutionized the 
manufacturing indusby. However, in order to be more competitive in the global 
market a knowledgeable and technically competent workforce is also needed. 
Engineering education programs should reflect the needs and changes of today's 
industly and prepare young engineers to meet the challenges of the competitive 
world of manufacturing. Industry needs engineers who have the understanding of 
basic manufacturing engineering theory and the ability to apply knowledge that is 
relevant to the real world of manufacturing. Moreover, companies need 
individuals who have expertise in their field of specialty and who have kilowledge 
and understanding of the integrated manufacturing environment As such, there is 
a need for a comparison between the competencies required by industry today and 
the competencies learned in manufacturing engineering programs. 

2 PURPOSE 

The purpose of this paper is to report on the relationship between the competencies 
represented by the new Computer and Automated Systems Association of the 
Society of Manufacturing Engineers (CASA/SME) enterprise integration wheel 
model and the competencies learned in manufacturing engineering programs. 
There have been major changes in manufacturing in the United States and globally, 
and these changes have been reflected in the new CASA/SME enterprise model. 
Furthermore, these changes should be accommodated in existing manufacturing 
engineering programs. 

3 DEFINITION OF ENGINEERING 

According to the American Society for Engineering Education (1993b) and the 
Engineering Technology Council (1991), engineering involves the knowledge of 
advanced mathematical and natural sciences, and is devoted to the creation of new 
technology for the benefit of humanity. In addition, engineering is defined by the 
Accreditation Board for Engineering and Technology (ABET) as: 

"A profession in which knowledge of the mathematical and natural 
sciences gained by study, experience, and practice is applied with 
judgment to develop ways to utilize, economically, the materials 
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and forces of nature for the benefit of mankind11 (Accreditation 
Board for Engineering and Technology, 1993b, p. 5). 
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Walker (1961) stated that 11engineering is fundamentally committed to the translation 
of scientific facts and information to create machines, structures, materials, 
processes, [systems] and the like that can be used ... " Furthennore, The engineer 
creates new products, devices, structures, materials, processes, and systems through 
the use of science. mathematics, and engineering science (Duderstadt, Knoll, and 
Springer, 1982). 

4 GOALS OF ENGINEERING EDUCATION 

The goals of undergraduate engineering education is to provide a base and a means 
for life-long learning mther than only to prepare a person as a specialist to perfonn a 
particular function in a particular industry. The following objectives were identified 
for undergraduate engineering curricula: 

"1. To provide an understanding of fundamental scientific principles and a 
command 

of basic knowledge underlying the student's field. 

2. To convey an understanding of engineering methods such as analysis and 
computation, 
modeling, design and experimental verification, as well as experierice'jin 
applying these 
methods to realistic engineering problems and processes. 

3. To provide the student with the following: 

a. An understanding of social and economic forces and their relatio11Ship 
with engineering systems, including the idea that the best technical 
solution may not be feasible when viewed in its social, political, or 
legal context; 

b. A sense of professional responsibility developed through consideration 
of moml, ethical, and philosophical concepts; and 

c. Mastering of the ability to organize and express ideas logically and 
persuasively in both 
written and oml communication." (Engineering Undergraduate 
Education, 1986, pp. 9-10) 

5 ENGINEERING PROGRAMS 

A review of the literature reveals that programs offered under engineering are very 
diverse in scope and emphasis. According to the Directory of Engineering and 
Engineering Technology published by ASEE in 1994, a total of 1442 engineering 
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baccalaureate programs were accredited by the EAC/ ABET. Moreover, 13 of those 
programs are in the area of manufacturing engineering. 

The basic engineering education curricular components are mathematics, basic 
sciences, humanities, social sciences, engineering sciences. engineering design 
methods, and an engineering specialty. Thus. the content of engineering programs 
must be integrated in such a way that it will enable a graduate to function as an 
engineer (Accreditation Board for Engineering and Teclmology, 1993a). 

6 CAREERS IN ENGINEERING 

The graduates of engineering programs hold many different industrial positions 
with many of them being related to their undergraduate area of specialization, such 
as: automotive engineer, civil engineer, computer engineer, constmction engineer, 
electrical engineer, industrial engineer, mechanical engineer, nuclear engineer, plant 
engineer, stmctural engineer, systems engineer, etc. In addition, research and 
development units are usually supervised and managed by engineers. According to 
Israel (1995) "engineers may also manage different divisions or mlits of a company 
and they hold management positions in such areas as computer-aided design, 
computer aided manufacturing, inventory control, manufacturing, production, 
process design, product design, quality control, systems, and technical sales." 

Figure 1 represents the historical interfacing of the engineers in the occupational 
and educational spectrum (Lahidji, 1996). 

Theory Practice 

Pre 1940s 

Scientist Engineer Teclmician Craftsman 

Today 

Scientist Engineer Engineering Industrial Teclmician Craftsman 
Teclmologist Teclmologist 

Figure 1 The placement of engineers in the occupational and educational 
spectrum 
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7 MANUFACTURING ENGINEERING 

Based on the ABET Accreditation Yearbook (1996), there are 13 manufacturing 
engineering programs at the baccalaureate degree level which are accredited by 
ABET. In addition, according to SME's Directory of Manufacturing Education 
(1993) there are approximately 70 engineering programs that offer manufacturing 

engineering as an option. In the Directory of Manufacturing Education (1990, p.3) 
SME defined manufacturing engineering as: 

"that specialty of professional engineering which 
requires such education and experience as is necessary 
to understand, apply and control engineering procedures 
in manufacturing processes and methods of production 
of industrial commodities and products and requires the 
ability to plan the practices of manufacturing, to 
research and develop the tools, processes, machines and 
equipment, and to integrate the facilities and systems 
for producing quality products with optimal 
expenditures." 

Furthennore, SME ( 1997) suggested that the graduates of manufachtring 
engineering curriculum must be proficient in the following areas: 

"1. Materials and manufacturing processes: understanding the 
behavior and 
properties of materials as they are altered and influenced by 
processing in manufactltring. 

2. Process, assembly, and product engineering: understanding the 
design of products and the equipment, tooling, and environment 
necessary for their manufacturing. 

3. Manufacturing competitiveness: understanding the creation of 
competitive 
advantage through manufacturing planning, strategy and control. 

4. Manufacturing systems design: understanding the analysis, 
synthesis, and control of 
manufacturing operations using statistical and calculus-based 
methods. 

5. Graduates must be able to measure manufacturing process 
variables in a 
manufacturing laboratory and make technical inferences about 
the process." 
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The tmditional role of a manufacturing engineer is changing from ftmctioning in a 
segregated fashion to a more integrated one. They are more and more involved in 
the coordination of people, information, and teclmology within an organization. 
SME's Profile 21 (1988) study brought to light the more integrative role of today's 
manufacturing engineers. 

8 MANUFACTURING ENTERPRISE WHEEL 

The Computer and Automated Systems Association (CASA) of the Society of 
Manufacturing Engineers (SME) developed the CIM Wheel in 1985, which was 
received enthusiastically by both the membership of SME and industry 
(CASA,l993). The CIM Wheel represented a new manufacturing environment 
and focused on a computer information system architecture for the integration of 
manufacturing automation. The 1985 CIM Wheel included the following five 
major components: 
1. General business management, 
2. Product and process definition, 
3. Manufacturing planning and control, 
4. Factmy automation, and 
5. Information resources management. 

At the same time that U.S. manufacturing companies were implementing CIM into 
their operations, they were out-performed by a number of manufacturers who were 
adapting a new and very different approach, called lean/agile production (Womack, 
Jones, and Roos, 1991). They identified the superiority of the lean production 
system over conventional mass production systems in the following areas: 

1. Higher productivity (both in space and per employee), 
2. Higher profitability, 
3. Higher product quality, 
4. Cooperative industrial relations, 
5. Cross-tmining, 
6. Multi-skilled employee development, 
7. Job rotation, and 
8. Greater worker satisfaction. 

In addition, Rehder (1990) in the article entitled "Japanese Transplant: After the 
Honeymoon" identified the following elements as being unique to a lean 
production system: 

1. Employee empowennent, 
2. Greater responsibility, 
3. Teamwork, 
4. Lateral communication, 
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S. Continuous improvement, 
6. Multi-skilled employees, 
7. Commitment to training (on-going training), 
8. Job security, 
9. Reduction of job classifications, and 
10. Workers involvement in the specification of work methods. 

Recently, the Boeing Company (ASEE PRISM, 1996, p.ll) identified a list of 
desired attributes of engineering graduates. The list included the following factors. 

1. A good understanding of the engineering fundamentals, including: 
Mathematics(including statistics), 
Physical and life sciences, and 
Information technology. 

2. A good grasp of the design and manufacturing process. 
3. A basic understanding of the context in which engineering is practiced, 

including: 
Economics and business practice, 
History, 
The environment, and 
Customer and societal needs. 

4. A multidisciplinary systems perspective. 
S. Good communication skills: 

Written, 
Verbal, 
Graphic, and 
Listening. 

6. High ethical standards. 
7. An ability to think critically and creatively as well as independently and 

cooperatively. 
8. Flexibility-an ability and tlte self-confidence to adapt to rapid/major change. 
9. Lifelong desire and commitment to learn. 
10. A profound understanding of the importance of teamwork. 

To reflect the new manufacturing environment, CASA redeveloped the CIM 
Wheel into the new Manufachrring Entemrise Wheel (Figure 2). According to 
Tillman (1994) the Manufacturing Enterprise Wheel provides an overview of 
today's best practices in a manufacturing integrated enterprise. In justifying tllis 
new approach, CASA (1993) stated tllat: 

"In the mid-1980s we understood tile need to break down tile 
walls between design and manufacturing. We did not articulate 
other issues so well, such as tile importance of simplifying 
processes before automation and the enterprise witl1 its 
customers and suppliers. New insight brings us to tile new 
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Manufacturing Enterprise Wheel. This wheel is a graphical 
index to the knowledge and organizational approach required in 
today's manufacturing world." 

Figure 2 The New Manufacturing Enterprise Wheel. 

According to CASA (1993) the new wheel enhances the understanding of six key 
areas which are critical to success in today's competitive manufacturing 
enviroiiment They are as follows: 

1. The customer becomes the central focus of the organization. 
2. The importance of teams and human networking. 
3. The interface between knowledge and the system for the purpose of sharing 

information. 
4. A focus on key processes from marketing through design, manufacturing, and 

customer support. 
5. A leaner and more agile organization. and less bureaucratic structure. 
6. Recognition and integration of external environmental factors such as 

customers, competitors, suppliers, and the global manufacturing infrastmcture. 

Considering this, one can conclude that in order for professionals entering 
or working in today's manufacturing environment to be successful, they must have 
the following competencies (fillman, 1993): 
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1. Interface successfully with the customer, form teams, and work with a multi-
cultural workforce. 

2. Gather and process data, and formulate accumte concepts. 
3. Determine system and software architecture requirements. 
4. Implement and supervise system tests. 
S. Manage and control projects. 

9 THE COMPARISON OF COMPETENCIES 

The new wheel represents an integrated manufacturing environment which requires 
a workforce with strong technical and people skills. Therefore, the graduates of 
manufacturing engineering progmms must have the knowledge and skills to direct, 
organize, motivate, and be able to work witlt today's multi-cultural workforce. 
SME/CASA (cited in Tillman,l993) defmed a successful enterprise integrator as: 

"An individual who can facilitate tlle implementation of complex 
business changes using enterprise infonnation technology to 
enhance products and services. He/She understands the computer 
and information side of design through manufacturing and can 
lead companies in tlle implementation ofprogmms." 

A comparison between tlle competencies which are presented in tlle Manufacturing 
Enterprise Wheel and the competencies taught in engineering programs suggests 
that there is a need for a greater emphasis and/or improvement in tlte following 
curricular areas: 

1. People and managerial skills. 
2. Written and oml communications skills. 
3. Greater emphasis on educating students to work witll a mu.Iti-cultuml 

workforce. 
4. Study of the global market place. 
S. More emphasis on resources management. 
6. Ethical and environmental responsibilities. 
7. Capstone projects emphasizing team work. 
8. Greater emphasis on hands-on projects tltat simulate tlte real working 

environment. 
9. Coopemtive educational experiences. 

10 CONCLUSION 

Today's engineer is becoming tltat of an integrator, and more of a coordinator of 
information, technology, and people. Thus, team work and people skills will play 
an important role in the work of engineers. Industry needs individuals who are 
experts in their special area of interest and who have a working knowledge and 
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understanding of the integrated manufacturing environment (Lahidji,l996). 
Moreover, the graduates of engineering programs should have the skills, 
knowledge, and abilities to form and work in teams, collect data, formulate 
concepts, detennine system needs, administer system tests, and determine software 
architecture. Engineering programs should be based on a broader perspective of 
engineering, technology, and management and work to integrate content and 
processes across the curriculum. 
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Major Points: 
• Explain the new CASA/SME Enterprise model. 
• Discuss tlle competencies learned in Manufacturing Engineering 

programs. 
• Discuss the relationship between competencies represented by tlle 

CASA/SME model and the competencies learned in Manufacturing 
Engineering programs. 

• Discussion and suggestion for updating tlle competencies of 
Manufacturing Engineering programs. 

Summary: 
This presentation will help instructors to assess tlle competencies learned in tlleir 
Manufacturing Engineering programs by comparing tllem to competencies needed 
by industry, and for possible improvement of tlleir programs. 

The competitive edge in manufacturing is no longer based upon tlle 
utilization of high tech equipment. The advantages associated witll possessing 
high tech equipment has been diminished due to tlle availability and downward 
pricing of equipment. For example, in the automobile industry obtaining high tech 
equipment does not provide a competitive edge over tlle competitors. Today tlle 
emphasis is on continuous improvement, simplifying in manufacturing processes, 
and optimizing of human resources. 
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These two papers will give an overview on the European situation in the domain of Computer Application in 
Production and Engineering. 

We will present hereafter the summary of the Guy DOUMEINGTS paper. It is written with the support of well 
known European researchers : Prof. Jim BROWNE (CIMRU - National University of IRELAND - GALWAY 
and UMIST), Prof. Hans GRABOWSKI (RPK, University of Karlsruhe), Prof. Frank-Lothar KRAUSS (IPK
Berlin), Dr Kei MERTINS (IPK- Berlin). 

Today's manufacturing enterprises face a completely changed economic environment. The market has moved 
from a local market to a world wide global economy, the competitors become more and more agressif due to the 
emergence of open markets, reductions in trade barriers and improvement in transportation and communications 
links. Europeans manufacturing enterprises have adopted the same strategy than the enterprises belonging to the 
other continents : improvement of the competitiveness in all functions, reactivity to the market change by 
integrating all functions, adopting a Business Processes Structures and finally working more closely with their 
suppliers and customers by building Extended Enterprises in order to improve the whole Value Chain. 

We will use the model of Manufacturing Business proposed by [Browne 96] to structure our presentation : 

Computer Applications in Production and Engineering. F. Plonka and G. Oiling (Eds.) 
0 1997 IFIP. Published by Chapman & Hall 



The .europea11 view 011 Klobalemerprise rompwer applications 703 

Integration in Manufacturing 

The first paragraph describes the evolution of the concepts of the Extented Enterprise which can concern all 
the parts of the model. 

The second pan presents the use of EDI (Electronic Data Interchange) in the Product and Process Design : 
COl (CAD/CAM Data Interchange). COl is developed today in Europe through European Consonium (as 
AIRBUS lndusll)'). Its development is facilitated by the development of product data modelling (POM) and the 
standardization through STEP. 

The third pan describes the evolution of Production Management from MRP II to ERP (Enterprise Ressources 
Planning), evolving also from MTS (Make to Stock) to MTO (Make to Order). The Supply Chain Management 
and the Demand Chain Management are described in details by the joint paper. 

The founh pan will discuss the need of technics in order to elaborate the various model of the Integrated 
Manufacturing System. The Computer Aided Technics, today available, cannot be used efficiently if the 
company is not able to design, at a conceptual level, the optimised model in terms of Business Processes. 
Enterprise Modelling Technics will be more and more used in order to facilitate the implementation of New 
Technology. 

The European View on Global Enterprise in the domain of Computer Application in Production and 
Engineering is cenainly very closed than the views in other continents due to the globalization of the economy. 
Anyway through the various Research and Development supponed by European Commission (ESPRIT, 
BRITE!EURAM, ... ) and also by the European States (EUREKA) it exists a European way to introduce the 
Advanced Technology in the Enterprises. 
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Information Management has a critical role as an enabler and contributor to 
successful business strategy implementation. At Nokia Mobile Phones this has been 
highlighted especially in the context of Global Demand Chain Management. In this 
paper basic principles and differences of Supply Chain Management and Demand 
Chain Management are explained. The role of Information Management and 
Technology in Demand Chain Management Is discussed. Finally, key drivers and 
criteria for Information Management system design are outlined. 

1 Introduction 

Current Information Management (IM) systems in many companies have been 
developed following the needs arising from administration, control, reporting and 
transaction management. The systems are often a result of evolution and serving of 
discrete needs of different parts of the organization rather than a result of a holistic 
plan and implementation derived from the strategy and the business needs of the 
company. In many cases, the solutions have been built following the needs of 
functional line organizations rather than key business processes and thus, at worse, 
information management solutions further reinforce the walls and gaps between the 
different functional islands within a business process. 

Information technology capital spending per white collar worker has tripled since 
1980 and overall IT spending is projected to increase by 60% per year.1 Still too few 
companies are getting true business benefits from these investments in form of 
improved customer satisfaction, increased market share and improved profitability. 

Creation of IM strategy and investment decisions need to be guided by business 
strategy and needs. Companies need to analyze on which areas they are spending 
their IM budget: is most of the money spent on administrational areas or are the 
investments focused so that they support and enable key business processes and 
strategic imperatives of the company? 

1 The McKinsey Quarterly, 1996 number 3 

Compuler Applicalions in Produclion and Engineering. F. Plonka and G. Oiling (Eds.) 
() 1997 IFIP. Published by Chapman & Hall 
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2 The Strategic Role of Information Management in Supply 
Chain Management 

Supply Chain Management is, to large extent, about the management of information 
flows. Information Technology has had a key role in the transformation of the 
logistics function at leading-edge companies. Unfortunately, lack of sophistication in 
information systems is still one of the biggest roadblocks to supply chain integration 
today. The 'single solution' pipeline management system is still a dream for most 
companies who have to manage combinations of technologies and transactional 
systems that manage order processing, inventories, shop floor production, materials 
and other discrete business functions. 

Information Management focus must be shifted from general management and 
control to a development of the means and solutions to enable integration of cross 
functional teams, key business processes, performance management, information 
and knowledge - all this with a market and customer driven focus targeting to 
increased profitable market share. Thus, the strategic questions and drivers for 
Information Management in Supply Chain Management are: 

• How to improve customer satisfaction through 
- product availability 
- delivery accuracy 
- responsiveness and flexibility 
- value-adding services offering 
- learning and improvement through effective feedback 

• How to increase profitable sales revenue 
• How to improve efficiency of operations through eliminating unnecessary 

activities, reducing inventory and improving utilization of assets. 
• How to improve and support the understanding of logical links and 

causalities in the Supply Chain 
• How to manage performance in real time, process based mode instead of 

traditional functional performance management 
• How to improve relevance, quality, timeliness and visibility of information 

It is of elementary importance that transparency and visibility to market and customer 
driven needs is achieved and that most effective and efficient way to respond to 
these needs is created through information management and supply chain structure 
(speed and flexibility) rather than through spending more to assets. 

Effectiveness and efficiency of any supply chain is dependent upon the visibility that 
can be gained from materials flows, inventories, and demand throughout the 
pipeline. As Christopher states, without the ability to see down the pipeline into end
user markets, to read actual demand and subsequently to manage replenishment in 
virtual real time, the system is doomed to depend upon inventory2. Time lapses in 
information flows are directly translated into inventory. 

By utilizing enabling information technologies a lot of the complexity of Supply Chain 
Management can also be eliminated. Today we see a lot of people spending a lot of 
time creating, communicating and executing inaccurate forecasts and constantly 

2 Christopher, 1992, p.122 
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chancing plans leading to self-induced turbulence in the chain. By utilizing advanced, 
integrated information systems we can create more accurate forecasting and 
planning systems and communicate the plans as well as their exceptions more 
effectively up and down the supply chain. The aim is to achieve speed and simplicity 
by eliminating unnecessary activities and tasks. 

The logistics information systems must incorporate several principles to meet Supply 
Chain Management needs and adequately support operations. In order to keep the 
focus of the whole supply chain on to the customer, an integrative framework for the 
whole information system is needed. The idea of Demand Chain Management is 
based on the principle of using demand instead of supply as the factor integrating the 
information needs in the supply chain.3 

3 Demand Chain Management as a Driver for Information 
Technology and Management Strategy 

Traditionally, the key focus and scope in Supply Chain Management has been in 
managing the flow of materials and goods from suppliers through manufacturing and 
distribution chain to the customer. Important considerations are materials 
requirements planning, capacity management, production planning and scheduling, 
inventory levels and supply allocation. In many cases the information flow from 
customer to the chain including suppliers is narrow. This information is often 
presented in form of periodical forecasts and internal (often bundled) stock orders -
the entire chain too rarely is driven by and has the visibility to true market demand 
information and customer orders in real time. This traditional view of Supply Chain 
Management is illustrated in Figure 1. 

MRP 

.OW-.v••• P"'d~ 
planning ond oc~>od.-ong 

Figure 1: Scope of Supply Chain Management 

In Demand Chain Management the key focus is the continuous now of the demand 
information from customers and end users through distribution and manufacturing to 
suppliers. The shared objective of the chain is fulfilling customer demand. The most 
important controlling inputs are rolling forecasts and plans, point-of-sales data, daily 
orders, management decisions and performance feedback. The controlling trigger of 
the chain is the customer order (or replenishment signal) and the order penetration 
point is varying dependent on what is the optimum way to provide required level of 
service in a most efficient way. 

3 Vollman, 1996 
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The focus in Demand Chain Management is in information management. The 
information flow can be described as "thick", timely, meaningful and transparent. The 
material flow from the suppliers through manufacturing to customers is thin and as 
much as possible controlled by daily consumption in order to guarantee the 
availability of goods in demand and at the same time minimize the inventories. This 
view of Demand Chain Management is illustrated in Figure 2. 

Figure 2: Scope of Demand Chain Management 

The main difference between Supply and Demand Chain Management is the focus 
and starting point of planning and controlling: in Supply Chain Management it is the 
material supply push, in Demand Chain Management it is the end user demand pull. 
Real pull control can only be achieved by using timely end-user demand information 
as a pull trigger from end users to suppliers as a primary planning and execution 
source. This is the way to integrate supply chain in an effective and efficient manner. 

The role of Information Management and Technology is to be a key enabler for 
Demand Chain Management. It means capturing the market and end user demand 
information in accurate, timely (real time) and relevant manner: capturing at all times 
the Point-of-8ales, sell-through and channel inventory information. It also 
necessitates the ability of being able to, in a proactive manner, search for alternative 
supply scenarios, carry out risk and profitability analysis in almost real time manner 
and prepare the needed ·capability and capacity to serve the foreseen customer 
demand when the triggering order arrives. 

4 Global Enterprise View to Demand Chain Information 
Management 

Nokia Mobile Phones is present on market of more than 120 countries in the world 
and has a global manufacturing and logistics infrastructure enabling the combination 
of local responsiveness and global synergy in form of flexibility, optimum use of 
resources and lowest total cost. Nokia Mobile Phones manufacturers cellular phones 
for all major systems in the world. 

The main information flows at Nokia Mobile Phones Demand Chain consist of 
Planning process information and Execution process information flows. Planning 
process captures the best possible view of market and customer demand in order to 
plan and implement required capacity and capability to meet the demand. Execution 
process is customer order pull driven focusing on fulfillment of customer orders 
rather than executing to plan. The objective of logistics Information Management is 
to establish information systems support for these integrated business processes by 
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providing seamless information capturing, integration, visibility ahd transparency 
enabling demand based steering of the supply chain. 

In the process of searching the maximum exploitation of market and business 
opportunities and global economies of scale, the main objective is to achieve 
responsiveness through regional supply and flexibility through reallocation of global 
resources in line with market and customers demand at any given time. In order to 
do this it is of vital importance that a company has global business processes and 
respective information systems so that customers can be served by reconfiguring the 
supply chains to meet the emerging and changing customer demand. This approach 
also allows a flexible combination and reconfiguration of focused factories and 
regional factories as part of the supply chain. 

Other special challenges and requirements in Global Demand Chain Information 
Management are in seamless process and product quality management and in 
product data management including configuration control and change management. 
Seamless integration of product management information is vital for the integrated 
development and management of global product families and regional and local 
product variants. 

5 Key Requirements for the Information Management 
Solution 

Based on the theoretical framework of Demand Chain Management as well as on 
practical needs of a global enterprise, the key requirements for a state-of-the art 
Demand Chain Information Management solution can be summarized as follows: 

Strategic direction and focus 

The creation and implementation of Information Management strategy need to be 
derived from and guided by business strategy and key business process 
requirements rather than by technology, functional or internal adminstration and 
control demands. 

Integration 

Key aspects of integration that need to be covered are business process integration 
including customers and suppliers, end-to-end demand and availability information 
integration and integration of process wise performance management. Also, 
seamless integration of product management information is needed in order to 
manage global and regional/local product families and products. 

Information coverage and availability 

The foundation for successful Demand Chain Management is access to real time 
Point-of-Sale and channel inventory information and sharing the demand information 
between all parties in the chain end-to-end including customers and suppliers. 

Information guality 
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As Demand Chain Management is to great extent about information management 
the quality of the end result is of course dependent on the quality of the information. 
Information quality can be described by following characteristics: 

• relevance 
• timeliness 
• continuous flow 
• validity 
• accuracy 
• intelligibility 
• accessibility 
• visibility 

Decision making support 

Information system should be capable of identifying exception situations in order to 
guide management attention and decision making to these critical areas. This is 
particularly important when the number of transactions, customers and products is 
large and therefore due to massive amount of information it becomes difficult to spot 
the areas requiring focused attention. Handling of these exceptions must be 
supported by proper tools that enable the identification and almost real-time 
simulation of alternative supply solutions and their risk and profitability analysis. 

Flexibility and Adaptability 

Flexibility and adaptability are of strategic importance: market and industry changes 
are today faster than ever and being able to change and adapt IT solutions to new 
requirements rapidly is very important. Unfortunately, there is too often major inertia 
and slow-clown factor in Implementing improved or re-engineered business 
processes due to rigidity and inflexibility of information management tools. This is a 
major challenge especially in case of enterprise systems. 

Cutting down the cost of complexity 

The best way to reduce the development and running costs of the Information 
Management solution is to narrow down different standards and systems used in the 
company. This reduces complexity, number of interfaces and development and 
maintenance cost. Normally this also improves the integration of key business 
processes as interfaces and boundaries between different systems gets minimized. 

6 Summary 

The role of Information Management as an enabler and contributor to successful 
business strategy implementation has been discussed. Creation and implementation 
of IM strategy and investment decisions need to be guided by business strategy and 
needs rather than by technology, functional or internal administration and control 
demands. The key in Demand Chain Management is the continuous flow and 
sharing of the demand information from customers and end users through 
distribution and manufacturing to suppliers. The role of Information Management and 
Technology is to be a key enabler by providing means of capturing the market and 
end user demand information in accurate, timely (real time) and relevant manner and 
sharing this information across the whole chain. The paper concludes that the key 



Information management in demand chain management 711 

requirements for the Demand Chain Information Management system are strategic 
direction and focus, integration, information coverage and availability, information 
quality, decision making support, flexibility and adaptability as well as cutting down 
the cost of complexity. 
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Abstract 
In this paper we present the concept of Telepresence to describe an emerging and 
enabling communication meditml. We define a Virtlml Collaborative Environment 
(VCE) to exist when virtual reality and multimedia are combined to create a shared 
environment for hwnan interaction and cooperation. We describe the fundamental 
problem with current attempts to evolve today's CAD software into a practical, 
shared, collaborative environment. We then present a new approach to the design 
of a shared virtlk1l environment that addresses issues of scalability, networking, 
and synchronization, and discuss its applicability to collaborative engineering. 

Keywords 
Virtual collaborative environments, virtual reality, BARCO table, CAD 

1 INTRODUCTION 

1.1 Background 

The rapidly developing information teclmology infrastructure is radically changing 
the methods and media by which people conummicate and interact. As this 
evolution unfolds, hwnan interactions will no longer be limited by tlte constraints 
of physical location, cultural and political barriers, or disabilities. Advanced 
computer graphics and high speed networking form the basis for what is now 
commonly called Telepresence. Telepresence describes a communications 
medium that enables a person to feel as if be or she is actually present in a different 
place or time. Virtual reality is an enabling technology that is described as 
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immersive, interactive, and perceptively believable to the users' experience. The 
creation, delivery and reception of audio, video, text, and imagery data is defined 
as multimedia. Combining these technologies, we define a Virtual Collaborative 
Environment (VCE) to exist when multiple physically separated users share a 
disttibuted multimedia virtual environment for the purpose of sharing information 
or accomplishing a common objective. (Barton, Newton, 1997) 

1.2 .Problems with existing CAD systems 

Existing industry standard CAD systems are inadequate and incomplete for a 
collaborative engineering environment because of three key areas, namely, point
to-point communication issues, network latency, and user interface teclmology. 
Point-to-Point 
Most implementations today are unicast in nature, not supporting many-to-many 
distributed users. Off -the-Shelf collaborative CAD today most often takes the 
form of shared data bases, shared x-windows, and comprehensive client server 
applications. A good example of this is the current release of AutoCAD v 13c4, 
which uses the infrastructure of tlte World Wide Web and native browser software 
to share designs amongst distributed engineers. Tltis model works well for 
distributed users, but is certainly not real-time collaboration. 

Latency 
There are several commercial off-the-shelf shared X-Windows type applications 
readily available on the market today. Tltese systems are moderately successful on 
local high-speed networks, or LANs, i.e., 10 or 100 BaseT only, due to the high 
bandwidth required for acceptable performance. In order to realize a 
geographically distributed engineering environment, a practical solution must 
function in a high-latency environment. Currently, such a system does not exist. 
TCP/IP is not an adequate transport mechanism for a real-time or near real-time 
multi-point environment. 

User interfaces 
The current state of user interface design is centered around the theme of one
machine, one-person interactions. This is inadequate for a collaborative 
engineering environment New interfaces must be designed that are focused on 
groups of users, working together, sharing ideas on a single model or prototype in 
this environment These new interfaces could be radical in nature, such as, 
immersion of the users and model in a shared Virtual Environment (VE) or using a 
projective display system such as the BARCO table, see Figure 1. Gesture 
recognition and visual coherency teclmiques such as motion blurring and ghosting 
can be integrated into an interface which ntitigates problems associated with 
latency, as well as promotes collaboration amongst users. 
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Figure 1 BARCO Table at CRCG. 

1.3 Previous work 

Industry is currentJy evaluating various ways to capture the talent of tJteir design 
and engineering personnel, witl10ut tlte need for physical co-location, in order to 
reduce cost, speed tlte design process, and remain competitive in the global 
economy. The design and review process must be collaborative, real-time, and 
distributed, often traversing great geographical distances and cultural boundaries. 

TI1e Shared 3D Viewer (Kress and Anderson, 1996), see Figure 2, is an application 
enabling a cooperative, distributed discussion of the three-dimensional geometry 
and product structure of CAD data. Tilis tool is designed to support communication 
during tlte product development process particularly in the design phase. The 
innovative 3D functionality offers designers and project planners the proper fonnat 
for the discussion of CAD data. Shared camera views, tlrree-dimensional cursors 
and annotations allow the participants to discuss specific details of a product. An 
inunersive experience is provided by stereo projection on eitJ1er tl1e desktop or 
BARCO table. 

A set of 3D cursors can be used to direct interest at specific locations on the model. 
Cursors can be used to mark a point. lengfu or area of tlle product, and are color 
coded according to the user tllat is controlling tlle cursor. Additional tools allow 
tlle measuring of lengtlls and angles witllin tlle three-dimensional window. Text 
messages can also be placed in tlle 3D scene, expanding tlle communication 
possibilities. In addition to the synclrronous communication offered by the 3D 
cursors, tlte Shared 3D Viewer allows tlte creation of 3D annotations for 
asynchronous communication. Text, audio, and video messages can be created and 
attached to tlte CAD model so tltat users in later sessions can view tlle annotations. 
Three-dimensional icons represent tlte location and type of the annotation data. 
Tirrough the use of MIME types, additional fonnats of annotation data can also be 
supported. 
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Figure 2: HP 3D Shared Viewer. 

1.4 Use of VCEs to support collaboration 

Effective communication is vital to nearly all aspects of business, yet the tendency 
towards global enterprise is making in-person communication harder. Face to face 
meetings are often prohibitively expensive, not only because of the cost of travel 
but also because of the valuable time lost while traveling. Face to face meetings 
involve multiple modes of communication which can not be duplicated by any 
ubiquitous commtmication device. The attendees can not only hear each other, 
they can also see each other and can interact with other objects together (e.g. a 
blueprint, a design prototype). Telephone conference calls allow people to speak 
to each other but do not pennit any non-verbal communication. Video 
conferencing goes one step further and restores some of the missing non-verbal 
communication by allowing the participants to see live video of each other's faces, 
yet they are still unable to interact in any other way. Virtual teleconferencing 
provides participants with a VCE in which they can bold a virtual meeting. The 
multimedia aspects of the VCE allow the insertion of audio and video strean1s into 
the virtual enviromnent, providing the participants with the same audio/video 
exchange capabilities found in video conferencing. However, the media streams 
are not limited to audio and video capture of the participants. Text, images, smmd 
clips and video clips can also be embedded in the environment. 
Virtual objects of interest (e.g. a 3D model of a design prototype) can be placed in 
the environment for the participants to view, interact with and discuss. A further 
advantage of virtual reality is that the virtual space can be divided into "rooms" as 
a way of organizing information that humans find intuitive (Card, 1991 ). 
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2 A SYSTEM ARCHITECTURE FOR VCE'S 

2.1 Multiple network model 

The architecture outlined here is based on the observation that different VCE 
components have very different networking and synchronization requirements. 
Past attempts at mapping tltese disparate requirements to a single networking 
protocol have failed to produce solutions scalable to wide area general purpose 
networks. However, protocols currently exist to implement most, if not all, of 
these components individually. We have identified five classes of networked data 
which must be supported in order to provide a general purpose VCE architecture. 
These classes are shown in Table I. 

Class Example Data Requirements 
Renderer Synchronization Lowest 

between latency 
renderers 

Agent Communication Guaranteed 
between agents delivery, 

flexibility 
Simulation Distributed Low latency, 

shared world variable QOS 
state updates 

Device Input/Output Low latency, 
device events LAN use only 

Live Media Video textures, Like Internet 
live audio conferencing 

Table 1 Classes of Data 

The architecture is based on asstgrung each class of data its own network. 
Potentially, several of these virtual networks can be implemented using tl1e same 
network transport protocol. However, at this time, we anticipate using a different 
protocol for each class. 

2.2 Component model 
Each component of a VCE is allowed to participate in any set of these networks. 
The networks do not fonn a protocol stack, but rather parallel communication 
channels with different characteristics. Figure 3 shows an example set of 
components connected by the five networks. In the figure, each vertical cylinder 
represents a component. These components can be implemented as separate 
processes running on a set of networked computers. Components become clients 
of the various networks through a protocol-independent API represented by the 
five clouds in Figure 3. Because this interface is independent of the network 
protocol choices. this architecture will allow our research groups to research and 
develop better solutions for each class separately. The implementation section 
below expands on these protocol choices and possibilities. 
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Inter-Component communication 
The different "Networks" present a shared data abstraction to the components, 
which is accessed through a well defined API. Communication between 
components is permitted only in so far as multiple components can access the same 
objects in the sbared data. Component developers therefore do not need to be 
aware of communication implementation details. The use of an API for inter
component communication allows local communication as well as remote 
communication in a transparent manner. When multiple components are operating 
on the same node in the physical network, then their communication can be via 
shared memory rather than network packets. In the trivial case, a monolithic high
performance VE application num.ing on a single machine can be assembled from 
reusable, networkable components. In this case, only shared memory 
communication would take place, providing a clean separation between 
components without generating network traffic. The API presented by each 
network is based on asynchronous sampling of the states of the objects that occupy 
the given network. Since components sample the various networks 
asynchronously, they can operate in a decoupled manner. Decoupled operation 
implies that components can operate independently of other components. This is 
an important characteristic of any VE design, because it allows rendering 
components to operate at a constant frame rate, independently of the current update 
rate of simulation components. The well-defined inter-component commwlication 
mechanism also allows different components to nm on different processors, when 
available. In such a case, parallelization and pipel.ining of rendering, simulation, 
agent operation and device handling is possible. 

Device 
Server 

Conferencing 
Tool 

Simulation 

Figure 3 VCE Architecture Overview 
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2.3 Simulation component 

Note that some components, for example a simulation server, need to participate in 
only one type of network. The Simulation Network represents a shared world 
which is consistent even in the absence of the other networks. Simulations can join 
the network, explore the shared world and affect entities within it However, they 
need not be concerned with issues of rendering or video conferencing. This will 
allow developers of simulation modules to remain unaffected by development 
concentrating on other areas of VCE. It also allows simulation-intensive virtual 
worlds to make use of computational resources which do not have graphics 
capabilities, such as server machines. We envision a typical virtual world utilizing 
multiple servers which provide the simulation for automated entities, while the 
computers used to display the various participants' views would run only very 
limited amounts of simulation, such as the individual user's avatar simulation. 

2.4 Rendering component 

Live media rendering 
In order to provide spatial audio and video texture mapping, renderers for both 
graphical views and audio must have access to the Live Media Network. Stored 
audio effects as well as live network streams from remote dynamic smmd sources, 
such as the voices of participants, have to be processed by a spatial audio renderer 
locally. The positions of the sound sources are known to the renderer since they 
are entities in the simulated world. which is being sampled by the renderer. The 
rendering of texnrre mapped video can be supported in the same way. Live video 
streams from the Live Media Network, as well as locally stored video clips, can be 
accessed by the renderer. The video streams are then sampled into texture memory 
and used as texnrre maps during rendering of the views. Fraunhofer CRCG's 
virtual teleconferencing application shown at ACM '97 demonstrated tllis 
capability. 

Sampling of the simulation network 
To allow the renderer to sustain a near-constant frame rate, it must operate 
independent of the simulation components. Such a decoupling is vital to t11e 
interactive experience (Pausch, 1994). We define t11e interface to t11e Simulation 
Network in such a way, that the renderer or other clients can easily sample the 
states of entities at specific points in simulated time. The client can constmct a 
consistent snapshot of the world. wllich is then used to update the scene graph and 
rendered. 

2.5 Live media components 

The purpose of the Live Media network is to carry low-latency traffic such as 
audio and video streams. This type of traffic usually enjoys no quality of service 
assurances. Algorithms from Internet Telephony can be used on top of a multicast 
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network infrastructure to implement the transport of these data types independently 
of the other types of information in the CVE system. Consequently, conferencing 
components could choose to participate just in the Live Media network. This 
could allow participants using non-VE systems, such as videophones, to join the 
collabomtive world via only live media Conforming to standards for video and 
audio encoding, such as G.728 and H.261, will ensure such interoperability. 
CRCG has demonsttated this capability with the VETAF system (Barton. 1997). 

2.6 Device components 

The purpose of the device network is to allow very high frequency and low latency 
connections between Virtual Reality hardware devices and the simulations that use 
these devices. In geneml, this network conists of devices connected locally or on 
the LAN. Connections on this network are usually only the polling or event 
processing of an input device to control a pammeter in a simulation. However, 
combinations of input and output devices, such as haptic feedback devices coupled 
with tmckers, may require direct c01mections between devices at the device 
frequency, potentially much higher titan t11e simulation frequency. In order to 
support the highest possible fidelity, such direct inter-device connections will be 
implemented at the Device Network level and will not involve the simulation 
components. 

3 INTERFACE ISSUES 

3.1 Motivation 

The use of the BARCO Table as our display device has numerous advantages in 
the collaborative engineering environment. The table is large enough to provide 
room for seveml participants to work together on tlte same physical display. Also, 
a group of networked tables allows collaboration locally as well as across 
intercontinental networks. TI1e use of tlte table does present some human
computer interaction problems such as: 

• Single machine, several users - who grabbed the object first? 
• Who bas priority in a conflict situation? 
• How do we minimize the effects of latency? 
• How do we let users know that objects are in tl1e control of another user? 
• How do we provide a natural interface for creating and manipulating objects? 

All of these issues Will be addressed in tlte following sections. 

3.2 Locking and control 

In order to have a stable collaborative engineering environment, users must be able 
to create and manipulate objects easily and in an orderly fashion. Tite idea of 



720 

object manipulation and ownership in a VCE is known as floor control. A 
distributed collaborative environment requires a strong mechanism to provide 
concurrency and floor control for its included objects. Model movements, attribute 
alterations, and other object property manipulation must be tightly controlled, 
without being centralized. Centralization reduces scalability and performance. 
The VCE developed for this project includes a distributed signal-locking device for 
object data in this environment. A site will make a request to the group for a 
specific key, which would then be granted in the event that it was not already in 
use. In the event that a key is in use, the requester would receive the key in turn, as 
it is released from other members of tlte group. In reference to the discussion of 
signaling protocols earlier, this type of data would not necessarily require near real 
time delivery to the group, but would require a guarantee of delivery. (Bukowski, 
1995) 

3.3 Latency issues 

In order to realize a geographically distributed collaborative environment, a 
practical solution system must function in a high-latency environment. 
(Macedonia, 1994) Higb latency perfonnance results in "popping" or "jerking'' 
motions of graphical objects within the envirorunent. One metltod for minimizing 
the negative impact of latency on tlte user interface is to apply what is known as 
visual coherency techniques. Our system includes advanced rendering techniques 
that address the latency problem, to include motion blurring and transparency, 
"ghosting". 

Currently, known blurring algorithms are far too slow for the 30 interactive 
environment A novel approach to blurring for 30 objects gives real time 
performance and demonstrates smooth and visually consistent motion. Besides 
looking more natural, motion blur establishes visual coherence between 
temporarily disparate renderings of tlte same object. Tllis visual coherency is often 
disregarded in rendering, replaced instead witlt "popping" or "iconifying" of the 
object. Loss of coherency degrades tlte user's ability to synthesize meaningful 
actions occurring in the environment. Motion blur also assists interaction witlt 
moving objects in the virtual world. Blurring fast-moving objects simplifies tlte 
user's task of intercepting tlte object. By minimizing the strobing effect of motion 
and adding trails to the object, the user is better able to predict its motion patl1 and 
velocity changes. Thus, tlte incorporation of motion blur enhances the natural 
rendition of the 3D environment to its participants, 30 interfaces become less 
confusing, and interaction with fast moving objects becomes easier. (Zeleznik, 
1995, 19%a) 

Similarly, transparency is useful in a shared CAD environment. Ghost locking 
makes the user aware of many aspects of manipulating a shared object in a 
networked environment Tlte user has an immediate response to llis or her actions, 
affording a feeling of control over tlte environment. The user also sees immediately 



A multimedia virtual environmellt for collaborative engineering 721 

that lag is occurring, because of the appearance of a "partial" or transparent object. 
Finally, fading out the copy that lost the lock gives the user time to understand the 
changed state of the manipulated object. (Conner, 1997) 

This effect can be customized by varying levels of opacity in either the grabbed 
object or the original object, depending on outside knowledge about the state of the 
lock or the likelihood that the lock will be taken successfully. For example, a lock 
is more likely to fail for a highly contended object. In this case, the grabbed object 
can be more transparent. while the remaining object is more opaque, showing the 
user the likely results of trying to grab a highly contended object. (Conner, 1997) 

3.4 Gesture recognition 

Gesture-based interfaces offer an alternative to traditional keyboard. menu, and 
direct manipulation interfaces. The ability to specify objects, an operation, and 
additional parameters with a single intuitive gesture appeals to both novice and 
experienced users. Gesture-based interfaces for platforms such as the BARCO 
table are desirable, as they penn.it far more natural .interaction than traditional 
mouse and keyboard interfaces. Our system includes gesture recognition 
teclm.iques developed for SKETCH, a rapid virtual prototyp.ing environment, 
developed at Brown University (Zeleznik, 1996b). In the early stages of a design, 
often what is required is a rapid conceptual model of the desired product. SKETCH 
is designed to bridge the gap between hand sketches and computer-based modeling 
programs, combining some of the features of pencil-and-paper sketching and some 
of the features of CAD systems to provide a lightweight, gesture-based interface 
to "approximate" 30 polyhedral modeling. SKETCH uses a gestural mode of 
input in which all operations are available directly in the 3D scene through a three
button mouse or three-button stylus. 

Figure 4: Annotation of a Supertool 
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Figure 5: Annotation of a van design 

The problem with the SKETCH interface is tl1at it does not handle placing free
formed gestures at arbitrary locations in 3 space. It is useful if users can make 
free-formed gestures for annotation purposes so a particular piece of geometry can 
be referenced. This feature is good for design reviews or brainstorming. These 
free-formed gestures are placed on a 20 plane close to the film plane. They then 
must be transfonned to point to an object in the 30 world. This is a very difficult 
task because a lot of guesswork is involved in detenni.ni.ng where the user actually 
wants tl1e gesture to be placed. Figures 4 and 5 show some snap shots of free
formed gestures used to rumotate a model. If tl1e user was to rotate the objects 
using a trackball, the rumotations would stay in place in relationship to the 30 
location that the annotation is pointing to. Using tl1ese annotations, maiJagers cru1 
let engineers know what they think of designs, and make comments so 
communication can be enhanced. 

Static band posture recognition is currently tl1e most common ru1d widely used 
method for interaction involving glove based input devices. In order improve the 
naturalness of interaction, and t11ereby decrease the user-interface learning time, 
tl1ere is a need to be able to recognize dynamic gestures. Fraunhofer IGO has 
recently demonstrated a camera based tracking technique. Tllis research will be 
integrated into a later version of our VCE. 

4 HAPTICS 

Performing detailed manipulative tasks in a collaborative virtual environment is a 
significrutt challenge. Virtual environments tend to address only the human visual 
system, ignoring the other senses. Since many interactions in virtual environments 
tend to involve direct manipulation (i.e., grabbing an object), tlte lack of tactile 
perception is particularly noticed. T11e addition of haptic feedback systems has 
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proven to enhance Widerstanding and perfonnance in virtual environments. 
(Brooks, 1990) Our system will address the issues involved in adding haptic 
feedback to non-spatially immersive environments with the BARCO table. 

Furthermore, it will explore techniques and user interface design for tactile vision 
substitution in the form of spatial, interactive haptic, tactile force, and static tactile 
displays. (Kaczmarek. 1995) 

5 CONCLUSION 

In this paper, we have presented the concept of the virtual collaborative 
environment (VCE). A VCE exists when virtual reality and multimedia are 
combined to create a shared environment or collaborative engineering. We have 
discussed the problems with such a system such as latency, interface issues and 
networking issues, and we have presented an architecture for creating such a 
system which addresses tltese issues. We have also discussed ways of interacting 
with the VCE so that users can perform tasks naturally and intuitively. A VCE is 
an excellent paradigm for collaborative engineering because it allows design and 
product teams to meet and discuss projects with tools necessary for enhanced 
communication especially when teams are separated by large geographic regions. 

6 FUTURE WORK 

We will continue to develop and experiment witl1 more visual-coherency 
techniques such as bending and stretching of objects. We are incorporating 
camera-based tracking and haptic interfaces into our VCE discussed in section 4. 
Finally, we plan to perform some user studies to determine if the system could be 
implemented as a commercial product. 
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Abstract 
Networked Collaborative Virtual Environments (NCVE) are systems that allow 
several geographically distant users to collaborate within the common 3D virtual 
environment The users become part of the environment represented by graphical 
embodiments and they can interact with the environment and with each other. We 
analyze the importance of good graphical representation of each user for 
communication and collaboration. The Virtual Life Network (VLNET) system is 
an NCVE using sophisticated Virtual Humans as user embodiments to improve 
collaboration. We describe the system and some experimental applications. 

Keywords 
Networked Collaborative Virtual Environments, Collaboration, Virtual Humans 

1 INTRODUCTION 

Networked Collaborative Virtual Enviromnents (NCVEs) are systems that allow 
multiple geographically distant users to evolve in a common virtual enviromnent, 
interact with it and with each other. Each workstation has a copy of the virtual 
environment All events that have an impact on the environment are transmitted to 
other sites so that all environments can be updated and kept consistent, giving the 
impression for the users of being in the same, unique environment. The users 
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become a part of the environment. embodied by a graphical representation that 
should ideally be human-like. 
Networked Collaborative Virtual Environment (NCVE) systems are suitable for 
numerous collaborative applications ranging from games to medicine (Doenges, 
1997). for example: 

• Virtual teleconferencing with multimedia object exchange 
• All sorts of collaborative work involving 3D design 
• Multi-user game environments 
• Teleshopping involving 3D models, images, sound (e.g. real estate, furniture, 

cars) 
• Medical applications (distance diagnostics, virtual surgery for training) 
• Distance learning/training 
• Virtual Studio/Set with Networked Media Integration 
• Virtual travel agency. 

The NCVE systems are often described as systems that permit to the users to feel 
as if they were together in a shared Virtual Environment. Indeed, the feeling of 
"being together" is extremely important for collaboration, as well as for the sense 
of presence felt by ;the subjects. A very important factor for the feeling of being 
together in a virtual world is the way users perceive each other: their embodiment. 
In a broader sense. this includes not just the graphical appearance but also the way 
movements, actions and emotions are represented. 
In the following section we discuss the importance of the user representation in 
NCVEs. After that we describe the Virtual Life Network (VLNET), a NCVE 
system using Virtual Humans for user representation. In the results section we 
describe several experimental applications of our system. 

2 THE IMPORTANCE OF VIRTUAL HUMANS IN NCVE 

The participant representation in a networked VE system has several ftmctions: 
• perception (to see if anyone is arOtmd) 
• localization (to see where the person is) 
• identification (to recognize the person) 
• visualization of interest focus (to see where the person's attention is directed) 
• visualization of actions (to see what the person is doing) 
• communication. (lip movement in synchronization with speech, facial 

expressions, gestures). 

Virtual Hwnans can fulfill all these functions in an intuitive, natural way 
resembling the way we achieve these tasks in real life. Even with limited sensor 
information. a virtual human frame can be constructed in the virtual world, 
reflecting the activities of the real user. Slater and Usoh (Slater, 1994) indicate that 
such a body, even if cmde, already increases the sense of presence that the 
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participants feel. The participants visualize the enviromnent through the eyes of 
their virtual actor, and move their virtual body by different means of body control. 
In addition, introducing the human-like autonomous actors for various tasks 
increases the level of interaction within the virtual enviromnent. 

3 VIRTUAL LIFE NETWORK 

Based on the considerations from the previous section we have developed the 
Virtual Life Network (VLNET) system (Capin 1997). From the networking point 
of view, VLNET is based on a fairly simple client/server architecture. Next 
subsections discuss in more detail the server and the client architecture. 
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Figure 1 Virtual Life Network system overview. 
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3.1 VLNET Server 

A VLNET server site consists of a HTI'P server and a VLNET Connection Server. 
They can serve several worlds, which can be either VLNET files or VRML 1.0 
files. For each world, a World Server is spawned as necessary, i.e. when a client 
requests a connection to that particular world. TI1e life of a World Server ends 
when all clients are disconnected. 
A VLNET session is initiated by a Client connecting to a particular world 
designated by a URL. The Client first fetches the world database from the HTTP 
server using the URL. After that it extracts the host name from the URL and 
connects to the VLNET Connection Server on the same host. The Cmmection 
Server spawns the World Server for the requested world if one is not already 
running and sends to the Client the port address of the World Server. Once the 
connection is established, all communication between the clients in a particular 
world passes through the World Server. 

3.2 VLNET Client 

The design of the VLNET Client is highly modular, with functionalities split into a 
number of processes. Figure 1 presents an overview of the modules and their 
connections. VLNET has an open architecture, with a set of interfaces allowing a 
user with some programming knowledge to access the system core and change or 
extend the system by plugging custom-made modules, called drivers, into the 
VLNET interfaces. In the next subsections we explain in some detail the VLNET 
Core with its various processes, as well as the drivers and the possibilities for 
system extension they offer. 

3.2.1 VLNETCore 
The VLNET core is a set of processes, interconnected through shared memory that 
perform basic VLNET ftmctions. TI1e Main Process performs higher level tasks, 
like object manipulation, navigation, body representation, while the other 
processes provide services for networking (Communication Process), database 
loading and maintenance (Database Process) and rendering (Cull Process and 
Draw Process). 
The Main Process consists of five logical entities, called engines, covering 
different aspects of VLNET. It also initializes the session and spawns all other 
processes and drivers. Each engine is equipped with an interface for the connection 
of external drivers. 
The Object Behavior Engine takes care of the predefined object behaviors, like 
rotation or falling. The Navigation and Object Manipulation Engine takes care of 
the basic user input: navigation, picking and displacement of objects. The Body 
Representation Engine is responsible for the deformation of the body. In any given 
body posture (defined by a set of joint angles) this engine will provide a defonned 
body ready to be rendered. TI1e body representation is based on the Humanoid 
body model (Boulic, 1995). Titis engine provides the interface for changing the 
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body posture. A standard Body Posture Driver is provided, that connects also to the 
navigation interface to get the navigation infonnation, then uses the Walking 
Motor and the Ann Motor (Boulic, 1990, Pandzic, 1996) to generate the natural 
body movement based on the navigation. The Facial Representation Engine 
provides the synthetic faces with a possibility to change expressions or the facial 
texture. The facial representation is a polygon mesh model with Free Fonn 
Deformations simulating muscle actions (Kalra, 1992). The Video Engine manages 
the streaming of dynamic textures to the objects in the environment and their 
correct mapping. 
All the engines in the VLNET core process are coupled to the main shared memory 
and to the message queue. 
Cull and Draw Processes access the main shared memory and perfonn the 
functions of culling and drawing as their names suggest These processes are 
standard SGI Perfonner (Rohlf, 1994) processes. 
The Communication Process handles all network connections and 
communication in VLNET. All other processes and engines are connected with it 
through the Message Queue. They fill the queue with outgoing messages for the 
Communication Process to send. The messages are sent to the server, distributed 
and received by Communication Processes of other clients. The Communication 
Process puts these incoming messages into the Message Queue from where the 
other processes and engines can read them and react 
All messages in VLNET use the standard message packet. The packet has a 
standard header determining the sender and the message type, and the message 
body. The message body content depends on the message type but is always of the 
same size (80 bytes), satisfying all message types in VLNET. The video data from 
the Video Engine is a special case and is handled using a separate commwtication 
channel. It is given lower priority than the other data. By isolating the 
communications in this separate process, and by keeping the VLNET Server 
relatively simple, we leave the possibility to switch relatively easily to a 
completely different network topology, e.g. multicasting instead of client/server. 
The Data Base Process takes care of the off-line fetching and loading of objects 
and user representations. By keeping these time consuming operations in the 
separate process non-blocking operation of the system is assured. 
3.2.2 VLNET Drivers 
The drivers provide the simple and flexible means to access and control all the 
complex functionalities of VLNET. Simple, because each driver is programmed 
using a very small API that basically consists of exchanging crucial data with 
VLNET through shared memory. Flexible, because using various combinations of 
drivers it is possible to support all sorts of input devices ranging from the mouse to 
the camera with complex gesture recognition software, to control all the 
movements of the body and face using those devices, to control objects in the 
environment and stream video textures to them, to build any amount of artificial 
intelligence in order to produce autonomous or semi-autonomous virtual humans in 
the networked virtual environment. 
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The Drivers are directly tied to the Engines in the VLNET Main Process. Each 
engine provides a shared memory interface to which a driver can connect. Most 
drivers are optional and the system will provide minimal functionality (plain 
navigation and manipulation of objects) without any drivers. 

Figure 2 Snapshots from applications. 

4 RESULTS 
Several experimental applications were developed using the VLNET system. Some 
snapshots are presented in Figure 2. 

4.1 Entertainment 

NCVE systems lend themselves to development of all sorts of multi user games. 
We had successful demonstrations of chess and other games played between 
Switzerland and Singapore, as well as between Switzerland and several European 
countries. 
A virtual tennis game has been developed (Noser, 1996) where the user plays 
against an opponent who is an autonomous virtual human. The referee is also an 
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autonomous virtual human capable of refereeing the game and communicating the 
points, faults etc. by voice.Currently a multi user adventure game is under 
development 
4.2 Teleshopping 

In collaboration with Chopard, a watch company in Geneva, a teleshopping 
application was successfully demonstrated between Geneva and Singapore. The 
users were able to communicate with each other within a rich virtual environment 
representing a watch gallery with several watches exposed. They could examine 
the watches together, exchange bracelets, and finally choose a watch. 

4.3 Medical education 

In collaboration with our colleagues working on a medical project we have used 
the 30 data of human organs, muscles and skeleton reconstructed from MRI 
images (Beylot, 1996) to build a small application in the field of medical 
education. The goal is to teach a student the position, properties and function of a 
particular muscle. In the virtual classroom several tools are at the disposition of the 
professor. MRI, CT and anatomical slice images are on the walls showing t11e 
slices where the muscle is visible. A 30 reconstruction of the skeleton is available 
together with the muscle, allowing to examine the shape of the muscle and tl1e 
points of attachment to the skeleton. Finally, an autonomous virtualluunan with a 
simple behavior is there to demonstrate the movements resulting from a 
contraction of the discussed muscle. 

4.4 Stock exchange 

Currently an application is being developed to visualize in 30 the real time updates 
of stock exchange data and allow interactions of users with the data and with each 
other. 

5 CONCLUSIONS 

We have discussed problems involved with introducing high level human 
representations in the Networked Collaborative Virtual Environments and 
presented one solution to tllis problem - the Virtual Life Network. TI1e system's 
modular architecture, the function of each component and their interconnections 
were described in detail. Various experimental applications highlighted in the 
results section show that this kind of system lends itself to a wide variety of 
collaborative applicatious. 
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